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ABSTRACT
Calcium ions have been found to produce a hyper-
polarization of cockroach salivary gland acinar cells
after a period of calcium deprivation and this 'readmission'
response was prolonged by prior incubation in calcium-
free media containing cobalt. The hyperpolarization was
associated with an increase in membrane potassium permeabil¬
ity. Dopamine produced a hyperpolarization of acinar cells
in the absence of calcium but consecutive responses to
prolonged applications of the catecholamine were decreased
and eventually abolished. The ionophore, A23187, evoked
a large, prolonged hyperpolarization in calcium-containing
solution and this, too, was associated with an increase
in potassium permeability. In the absence of calcium,
A23187 produced a small, transient response. The results
suggested that the increase in potassium permeability was
due to an increase in the intracellular calcium ion
concentration and that dopamine and A23187 could evoke a
hyperpolarization in calcium-free media by mobilization
of calcium from a small, buffered, acinar store.
Dopamine has also been found to evoke responses on
intracellular application.
Benztropine had no obvious effects on transmitter
release or re-uptake but did show some inhibition of
postsynaptic responses.
Dibutyryl cAMP had no effect on responses to dopamine
and IBMX, a potent phosphodiesterase inhibitor, sometimes
inhibited dopamine-evoked responses at high concentrations.
INTRODUCTION
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This thesis is a continuation of an electro¬
physiological investigation into the hyperpolarizing
responses recorded from salivary gland acinar cells of
the cockroach, Nauphoeta cinerea, Olivier. The main body
of this work is concerned with elucidation of the role
of calcium in the production of electrical responses in
the acinar cells.
Structure of the salivary glands
An excellent historical review of the elucidation
of the structure of cockroach salivary glands has recently
been given in a thesis by Bowser-Riley (1978a), a brief
resume of which will first be given for the convenience
of the reader.
The first general description of the salivary gland
of a cockroach was published in 1835 by Dufour. The
gland was described as a bilateral structure lying on
the ventral surface of the crop and comprised of groups
of acini and of two reservoirs. Two pairs of ducts, one
from the acini and one from the reservoirs joined to
form the main salivary duct, which opened into the
hypopharynx as first described by Huxley (1877). In
1858, Basch extended Dufour's work and described the acini
as being composed of three layers - viz., an external
envelope, an intimate membrane contiguous with the
secretory ducts and a middle layer composed of granular,
nucleated cells. Basch also initiated investigations into
the biochemistry of saliva, showing that saliva converts
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starch into sugar and this was confirmed by Plateau
twenty years later. Bowser-Riley pointed out the
importance of improvements in microscope design and of the
development of histological techniques in the elucidation
of the fine structure and innervation of the salivary
glands. Thus, towards the end of the nineteenth century,
Kupffer was able to distinguish two cell types, viz.
peripheral and central, the peripheral cells being
located directly beneath the basement membrane and
between central cells. Kupffer also reported that the
glands had two sources of innervation, one from the
stomatogastric nervous system and the other from the
ventral nerve cord; this was more extensively shown by
Cholodkowsky (1881) and Hofer (1887). Lebedeff (1899),
using histochemical techniques, observed that mucin was
exclusively produced by the central cells and suggested
that the peripheral cells produced a dilute and watery
secretion.' Thus, by the end of the nineteenth century,
much of the general structure of the salivary glands of
cockroaches had been described and an insight gained
into the biochemical function of the cells (see Bowser-
Riley, 1978a, for references in this paragraph).
More recently, with the aid of the electron
microscope, in addition to the light microscope, the
structure of the salivary glands of Periplaneta americana
(Kessel and Beams, 1963) and Nauphoeta cinerea (Bland
and House, 1971) have been investigated in more detail.
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The peripheral cells are oval or pyramidal in shape and
are in close proximity to the basement membrane. The
intracellular ductule of one of these cells is pyramidal
and, as it leaves the cell, narrows to become an efferent
ductule which is continuous with the intercellular
canaliculi and the lumen of the gland. These cells
contain a single nucleus embedded in the cytoplasm and
numerous mitochondria and ribosomes, but do not possess
endoplasmic reticulum or secretory droplets - indeed,
Bland and House suggested that these cells might be
involved in the transport of ions and water. In contrast,
the central cells, which form the bulk of the acinus,
contain endoplasmic reticulum and large granules associated
histochemically with secretion and, in particular, a
mucoprotein. The central cells are joined by septate
desmosomes and have microvilli near the junction of the
cell with the beginning of the duct. Amylase, maltase,
invertase and protease have been identified in extracts
of Nauphoeta salivary glands and amylase production has
been associated with the central cells. In an acinus,
different central cells may be in different states of
secretion at any one time; once release of the
secretory material has occurred, there is a build-up of
endoplasmic reticulum followed by formation of the dense
secretory masses (Bland and House, 1971).
Duct cells near to the acini have large droplets of
dense granular material and staining of Nauphoeta salivary
5
glands suggests the presence of a mucous component
containing sialoglycans, these cells also containing a
high tryptophan concentration. The major portion of the
ducts, however, are composed of non-secretory cells
which show much more invagination of the apical and basal
membranes than do the secretory duct cells.
Innervation of the salivary glands
In 1970, Whitehead observed the innervation of the
salivary glands of Periplaneta americana in electron
micrographs. He reported that the pair of nerves from
the suboesophageal ganglion contained two large axons
about 5 ym in diameter and innervated the acini, ducts
and reservoirs. The stomatogastric nerve from the stomodeal
nervous system mainly innervates the crop (Willey, 1961)
but a few fine branches associated with the salivary
glands were observed to contain a dozen or more axons
less than 1 ym in diameter. In 1971, Whitehead published
a more detailed study of the salivary gland innervation,
employing light and electron microscopy and histological
techniques. The stomatogastric nerve of Periplaneta
originates in the frontal ganglion, passes along the
dorsal surface of the oesophagus and crop and, in the
region of the salivary gland, branches are given off to
anterior groups of acini. The paired salivary duct nerves,
on leaving the suboesophageal ganglion, cross to the main
salivary duct and follow it to its bifurcation. The
nerves then pass along the reservoir ducts and, at the
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mouths of the reservoirs, split into two large branches
which divide further and innervate the acini and proximal
areas of the reservoirs. When nerves reach an acinus
they undergo much branching and ramify over the glandular
surface forming plexuses. Branches of a nerve may cross
between two or more acini forming a complex network and
one acinus may be innervated from different nerves.
The nerves either merge with the basement membrane thus
penetrating extracellular spaces near central and peripheral
cells or pass between central cells to deeper areas of
the acinus. On the acinar surfaces the nerve fibres
exhibit swellings but these do not appear to be associated
with any specific cell structure.
The innervation of the salivary glands of Nauphoeta
cinerea was described by Bowser-Riley (1978b), who
employed light and electron microscopy in his study. He
confirmed earlier reports that there were two sources of
acinar cell innervation, the principal one being that
arising from the suboesophageal ganglion. In Nauphoeta,
a few branches of the stomatogastric nerve innervate
acini lying adjacent to the reservoir but these nerves
do not form acinar plexuses. In contrast to Periplaneta,
Bowser-Riley found that, in Nauphoeta salivary glands,
the salivary duct nerves send several branches to the
acini before reaching the reservoirs. However, as in
Periplaneta, much branching takes place over the acini
forming plexuses, and varicosities are seen under the
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basement membrane. Lateral groups of acini are innervated
by branches of the ipsilateral duct nerve, while central
groups of acini receive branches of both duct nerves.
Three types of axons have been distinguished in Nauphoeta
salivary glands by Maxwell (1978); one, the clear axon,
contains no vesicular structures while the other two,
named types A and B, do contain vesicles. Type A is
five times as numerous as type B and contains large,
o
dense vesicles (diameter, 920 A) and smaller, agranular
o
vesicles (440 A). These axons are suggested to be
catecholaminergic and are present between the basement
membrane and cell membranes of peripheral or central
cells; between central cells; between central cells and
peripheral cells; and between central cells and duct
cells. Type B axons contain large, densely packed
vesicles (diameter 1380 A) and are seen on the surface of
cells underneath the basement membrane, but not between
cells deeper in the acini.
Electrical responses
In 1973, House recorded hyperpolarizing responses
from acinar cells on excitation of the salivary nerves
by field stimulation. The resting potentials of the
acinar cells varied between -14 and -70 mV, with a mean
of -35 mV and hyperpolarizations varied in amplitude
(from 1 to 30 mV) in response to a single shock. The
responses had a latency of about 1 second, a time-to-
peak of 2 seconds and a duration of about 10 seconds.
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House also showed that the amplitude of the responses
depended on the external potassium ion concentration.
With regard to the different types of acinar cell,
House later (1975) reported that hyperpolarizing responses
were produced in both central and peripheral cells in
response to nerve stimulation. The cells in an acinus
are electrically coupled as shown by Ginsborg, House and
Silinsky (1974), who stimulated the salivary duct nerves
via a suction electrode into which was drawn the main
salivary duct. They also presented evidence that the
hyperpolarizing responses of the salivary gland were due,
in the main, to an increase in potassium permeability.
Electrophysiological studies by Ginsborg and House
(1976) showed that central acini were innervated from
both ipsi- and contralateral salivary duct nerves,
whereas lateral acini were innervated only by the ipsi-
lateral nerve, and this was later confirmed by Bowser-
Riley (1978b) in his morphological investigations. The
stomatogastric nerve did not appear to make a contribution
to the electrical responses, because these were observed
to be identical whether produced by stimulation of the
duct nerves alone or by field stimulation. It was also
reported that the depolarization sometimes seen subsequent
to the hyperpolarization was an independent response as
it was not abolished by concentrations of a-flupenthixol
which diminished the hyperpolarizing response.
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Characterization of the neurotransmitter
Early pharmacological experiments involving insect
salivary glands suggested a role for 5-hydroxytryptamine
(5-HT), e.g. it induced secretion in Calliphora (Berridge
and Patel, 1968) and Periplaneta (Whitehead, 1970)
salivary glands. House (1973) also reported that 5-HT
elicited hyperpolarization of Nauphoeta acinar cell
membranes. A more involved investigation of locust
salivary glands using histochemical and microspectro-
fluorimetric techniques suggested the presence of dopamine
in the nerve fibres (Klemm, 1972).
Investigation of Nauphoeta salivary glands using
microspectrofluorimetry indicated that a catecholamine
rather than 5-HT was present in the nerve fibres and
terminals (Bland, House, Ginsborg and Laszlo, 1973).
Further characterization of the transmitter with the use
of a radiochemical assay for simultaneous measurement
of adrenaline, dopamine and noradrenaline established the
presence of dopamine alone, each gland containing about
0.5 ng (Fry, House and Sharman, 1974).
Dopamine, adrenaline, noradrenaline and 5-HT all
hyperpolarize acinar cells (Bowser-Riley and House, 1976)
and induce secretion (Smith and House, 1977; House and
Smith, 1978), dopamine being the most potent agonist.
Hyperpolarization of the cells is not produced by a
number of compounds, viz. a-aminobutyric acid, glutamat.e,
glycine, aspartate, alanine, acetylcholine and carbachol
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(Bowser-Riley and House, 1976); the a-agonists,
amidephrine and methoxamine, and the B-agonist, iso-
prenaline (Ginsborg, House and Silinsky, 1976). A
number of compounds related to dopamine have been tested
on the cockroach salivary glands and those which hyper-
polarized the acinar cells were found to be those
previously reported to have effects on other systems
acted on by dopamine (Ginsborg, Turnbull and House,
1976a). Both the electrical and secretory changes in
the salivary glands are inhibited by phentolamine
(Bowser-Riley, House and Smith, 1978) and by a-flupenthixol
(House and Ginsborg, 1976; Breward, House and Smith, 1980)
but propanolol, a B-receptor antagonist, has no effect
on acinar cell hyperpolarization (Ginsborg _et _al, 1976).
These pharmacological experiments suggest that the
receptors in the cockroach salivary glands are not
classical a or B receptors (Ahlquist, 1948) but that they
bear similarities to dopamine receptors (Miller, Horn and
Iversen, 1974; Ginsborg et al, 1976a).
Phentolamine is a competitive inhibitor of agonist-
induced responses in the cockroach salivary glands.
Measurement of its affinity constant using any of the
catecholamines (adrenaline, noradrenaline and dopamine)
gives a value of about 1 yM_1 , which is more than ten
times that found using 5-HT as the agonist (Bowser-Riley
et al, 1978). This suggests that 5-HT acts through
different receptors from those acted on by the catecholamines.
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Adrenaline, too, appears to mediate its effects through
distinct receptors because the slope of the log dose-
response curve for this agonist is much steeper than that
for the other agonists (Bowser-Riley and House, 1976).
A quantitative study of fluid secretion in response to
simultaneous application of dopamine and noradrenaline
showed an enhancement above that predicted of the two
compounds acted on the same receptors (House and Smith,
1978). The disparity may be due to those agonists combining
with different receptor binding sites but this remains
to be satisfactorily resolved.
More recently, a comparison has been made of the time
course of the hyperpolarizing response due to nerve
stimulation with that of the response elicited by
ionophoretic dopamine. There was found to be a strong
similarity between the time courses of the two responses
and both were affected to the same extent by a change in
temperature (Blackman, Ginsborg and House, 1979a).
Thus the available evidence from all the investigations
mentioned above points to dopamine as being the principal
candidate for the role of neurotransmitter in the cock¬
roach salivary glands.
Cockroach salivary glands - fluid secretion and ion
transport
Smith and House recently (1979) investigated the
effects of changes in the concentrations of the ions
sodium, potassium, chloride and calcium on the ionic
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composition and volume of saliva secreted in response
to 5-HT, dopamine and nerve stimulation. Saliva was
collected from the cut end of a salivary duct into a
pool of liquid paraffin for optical determination of its
volume. Analysis of the ion content of saliva on
stimulation of the glands by dopamine gave values of 121,
47 and 143 mM for sodium, potassium and chloride,
respectively. A linear relationship was found between
the rates of fluid secretion and sodium transport into
the saliva suggesting that sodium transport provides the
driving force for water movement. It was proposed that
activation of receptors allows sodium influx (presumably
related to the depolarization sometimes seen on stimula¬
tion) into the acinar cells and that a sodium-potassium
pump on the luminal membrane extrudes sodium into the
duct. In contrast, chloride ions appear to move across
/
the acinar cells by passive diffusion because the rate of
transport was found to be closely related to the external
chloride concentration. A reduction in the potassium
ion concentration of the bathing fluid reduces, but does
not abolish, secretion and this was attributed to
depression of the sodium pump. Calcium removal had
little effect on dopamine-evoked secretion except in the
presence of magnesium when consecutive responses to
dopamine were markedly reduced. This decrease was
rapidly reversed on readmission of calcium-containing
solution, suggesting that these ions competed for a site
involved in stimulus-secretion coupling.
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Role of calcium in exocrine gland responses
The stimulation of fluid secretion in exocrine
glands has, for some time, been linked with increases
in ion movements (see Schneyer, Young and Schneyer,
1972). A possible role for calcium in the secretory
responses of exocrine glands was proposed in 1963 when
Douglas and Poisner showed that the stimulation of sub¬
maxillary gland secretion by acetylcholine and noradrenal¬
ine required the presence of calcium. This followed the
report that calcium was required for acetylcholine-evoked
catecholamine secretion from the adrenal medulla (Douglas
and Rubin, 1961). Douglas (1968) proposed that influx
of calcium into secretory cells was a prerequisite for
secretion and was involved in extrusion of the contents
of secretory granules from these cells. The importance of
calcium in the regulation of the permeability of cell
membranes of exocrine glands to other ions was established
in 1971 by Batzri, Amsterdam, Selinger, Ohad and Schramm,
who reported that the adrenaline-induced release of
potassium ions from the rat parotid gland required
calcium. This was associated with a-receptor stimulation,
while g-receptor stimulation induced enzyme release,
probably via cyclic - 3' :5' - adenosine monophosphate (cAMP)
formation (Batzri, Selinger and Schramm, 1971). Later
experiments employing the calcium ionophore A23187
suggested that potassium was released in response to
an increase in the intracellular calcium ion concentration
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(Selinger, Eimerl and Schramm, 1974). It was proposed
that adrenaline acted on a-receptors to stimulate calcium
influx and this was confirmed by 45Ca uptake studies
(Kanagasuntheram and Randle, 1976).
Further experiments on the calcium requirement of
salivary glands for potassium release were performed by
Putney and co-workers, who measured radioactive rubidium
release from loaded parotid slices as a marker for
potassium efflux. It was shown that activation of
muscarinic, a-adrenergic and peptide receptors resulted
in 86Rb+ release from preloaded slices and that the
release consisted of an early transient phase, independent
of the presence of external calcium, and of a sustained,
calcium-dependent phase (Putney, 1976, 1977). It was
proposed that the transient phase was due to mobilization
of calcium from a store which was inaccessible to EGTA.
It was also proposed that the three receptors activated
the same calcium influx sites because an agonist for one
of the receptors did not elicit a transient response in
calcium-free medium if there had been a prior exposure
to an agonist for one of the other receptors (Putney,
1977). Further evidence for a common store of calcium
came from experiments where agonists of different
receptors were used alone or in combination and no
summation of transient or sustained phases was seen when
two agonists were applied together (Marier, Putney and
Van de Walle, 1978). Electrophysiological experiments
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in the parotid gland showed that muscarinic and
ct-adrenergic agonists elicited hyperpolarization of the
membrane probably due to an increase in the potassium
permeability (Pedersen and Petersen, 1973; Petersen and
Pedersen, 1974). In calcium-free medium the adrenaline-
induced hyperpolarization was still seen, presumably due
to release from intracellular stores, but there was a
shortening of the response after repeated stimulation
(Petersen and Pedersen, 1974).
Calcium regulation of potassium permeability has
been reported in other exocrine glands, e.g. the
submaxillary gland (Martinez and Quissell, 1976;
Martinez, Quissell and Giles, 1976) and the lacrinal
gland (Parod and Putney, 1978). Electrophysiological
studies of the effects of acetylcholine in these glands
suggest that there is an increase in permeability to
sodium in addition to the increase in potassium permeability
but any role for calcium in these changes has not been
extensively investigated (Nishiyama and Petersen, 1974;
Iwatsuki and Petersen, 1978a). More detailed studies
implicating calcium in activation of membrane sodium
permeability have been performed on pancreatic exocrine
tissue. Acetylcholine induces depolarization of pancreatic
acinar cells, and increases sodium, chloride and potassium
permeabilities but there is no evidence for an increase
in permeability to calcium ions (Iwatsuki and Petersen,
1977a). Depolarization of pancreatic cells is also
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induced by bethanechol, an effect which is still observed
in calcium-free medium. However, A23187 induces a
calcium-dependent depolarization, which is also dependent
on sodium suggesting that an increase in the intra¬
cellular calcium ion concentration increases the sodium
permeability (Poulsen and Williams, 1977). The importance
of intracellular calcium in the depolarization of the
cells was further shown by intracellular calcium ion
injection (Iwatsuki and Petersen, 1977b). The depolariza¬
tions seen in calcium-free medium to acetylcholine and
bethanechol may be explained by assuming that these
secretagogues mobilize intracellular calcium stores to
increase the cytosolic calcium concentration which mediates
a membrane permeability change to sodium in these glands.
Calcium and the blowfly salivary glands
The most thoroughly investigated invertebrate
salivary gland in relation to the effects of calcium is
that of the blowfly Calliphora. In contrast to the
acinar structure of mammalian and cockroach salivary
glands, the blowfly gland consists of two closed, elongated
tubes containing only one cell type (Oschman and Berridge,
1970). 5-HT induces changes in the transepithelial
potential and its effect on this potential reflects
changes in the apical membrane potential rather than in
the basal membrane potential (Prince and Berridge, 1972).
Prolonged superfusion of 5-HT elicits a prolonged increase
in negativity of the transepithelial potential and this
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effect is dependent on the presence of chloride ions
(Berridge and Prince, 1972). However, consecutive, short
exposures to the agonist result in biphasic potential
changes, the potential becoming more positive than the
resting level after an initial increase in negativity.
Berridge and Prince suggested that cAMP mediated the
action of 5-HT in production of the positive potential
(i.e. hyperpolarization of the apical membrane) via
activation of a potassium pump. These authors also
proposed that the negative potential change was evoked
by a calcium-dependent increase in the apical membrane
permeability to chloride ions (Prince and Berridge, 1973).
Consistent with the latter hypothesis is the finding that
5-HT stimulates uptake of calcium ions into gland cells
(Prince, Berridge and Rasmussen, 1972) and that the
calcium ionophore A23187 induces a negative potential
change in the presence of chloride ions (Prince, Rasmussen
and Berridge, 1973). The transepithelial resistance is
decreased by 5-HT and this change is calcium and chloride
dependent (Berridge, Lindley and Prince, 1975); also,
the initial negative potential change but not the
positive change may be reversed by altering the membrane
potential, and these observations are consistent with
the hypotheses, above, for 5-HT action.
The prolonged increase in fluid secretion from the
blowfly salivary gland in response to 5-HT and A23187
is dependent on calcium (Prince et a_l, 1972, 1973).
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However, in the absence of calcium these compounds can
induce fluid secretion for a limited period presumably
due to mobilization of an intracellular calcium store
(Prince and Berridge, 1973; Berridge, 1975). Chloride
movement appears to facilitate fluid secretion as the
secretory response to cyclic AMP is much smaller when
the chloride ion concentration is reduced (Prince and
Berridge, 1973). Presumably at normal chloride con¬
centrations, cyclic AMP releases calcium from intra¬
cellular stores to promote chloride secretion (Prince
et al, 1972) and, hence, an increased flow of saliva.
More recent investigations by Fain and Berridge
(1979a) suggest a relationship between the hydrolysis
of phosphatidylinositol and 5-HT mediated calcium uptake
into Calliphora salivary glands. Such a mechanism for
the gating of calcium has been proposed in a number of
tissues, including mammalian exocrine glands (Michell,
1975; Jones, Cockroft and Michell, 1979). The release
of {3H} inositol from phosphatidylinositol in the blowfly
salivary gland on application of 5-HT occurred to the same
extent in the absence, as in the presence of calcium,
while secretion was reduced. The ionophore A23187 had
no effect on inositol release in concentrations which
evoked fluid secretion. These observations are con¬
sistent with the hypothesis that 5-HT stimulates
phosphatidylinositol breakdown as a prelude to calcium
uptake. 5-HT also inhibits phosphatidylinositol synthesis
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in the presence of calcium (Berridge and Fain, 1979).
Prolonged stimulation by 5-HT in the presence of calcium
resulted in a gradual decrease (after 2 hours) of 1+5Ca2 +
uptake. This uptake could be reactivated by incubation
in inositol suggesting that inactivation of calcium
transport was linked to a decrease in phosphatidylinositol
concentration. No change was detected in the total
concentration of phosphatidylinosito1 although 80% of
the labelled compound was broken down (Fain and Berridge,
1979b) and it was proposed that the pool of phosphat-
idylinositol subject to labelling and concerned with
calcium gating represented only a small fraction of the
total phosphatidylinositol concentration in the blowfly
salivary gland.
Cockroach salivary glands - ions and the electrical responses
The effects of changes in the potassium ion con¬
centration on the electrical responses of the salivary
glands have indicated that the hyperpolarizations recorded
on stimulation of the glands are due mainly to an increase
in the membrane potassium permeability (Ginsborg et_ al,
1974). Further investigation of the mode of action of
dopamine is warranted and, in view of the importance of
calcium in mammalian and invertebrate salivary gland
responses, the present study was undertaken to determine
the role of this ion in the electrical responses of the
cockroach salivary glands (Section I).
In addition (Section II) three short open-ended
investigations are reported. These are concerned with
i) receptor localization,
ii) the effects of benztropine, which has been proposed
either as a dopamine uptake inhibitor or as a
dopamine releasing agent,
iii) the role of adenylate cyclase.
GENERAL METHODS
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Cockroaches of the species Nauphoeta cinerea,
Olivier, were reared for me in glass aquaria and provided
with rat cake and water _ad libitum. The salivary
apparatus, on removal from the cockroach, was routinely
bathed in a solution of composition (mM): NaCl, 160;
KC1, 1; CaCl2, 5; Tris-(hydroxymethyl)-methylamine HC1
buffer pH 7.6-7.8, 5. This was the standard solution used
in the dissection and in most experiments and modifications
are as specified in the text.
Dissection
A cockroach (male or female) was pinned, ventral
side down, through the head and the tip of the abdomen
onto silicone resin (Sylgard 184, Dow Corning) in a shallow
perspex dish. The antennae, legs and wings were removed
and the insect was immersed in solution (see above).
One of the abdominal segments was raised and the tissue
ventral and lateral to this was cut. The dorsal segments
were dissected away at their lateral edges and the tracheae
and fat below were removed to expose the internal organs.
The gut was pinned out to the side to reveal the salivary
apparatus lying along the ventral side of the gut. The
glands were freed of two tracheal branches and the
reservoirs were held away from the gut with forceps so
that the connective tissue holding the glands to the crop
and oesophagus could be cut. The labium and first few
ventral segments were removed together with some white
fat to expose the main salivary duct. The ventral nerve cord
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was gently pulled away from the head to expose the
suboesophageal ganglion, and connections to the salivary
glands were severed. After transection of the main
salivary duct, the freed salivary structures were
transferred to bathing solution in the experimental
chamber and pinned out, slightly stretched, over a dome
of Sylgard.
Experimental design
Figure 1 shows a diagram of the experimental chamber
(volume, 3 ml), which was constructed from a perspex
block. The base of the chamber was covered with a layer
of Sylgard resin and, once this had solidified, a dome
was made in the centre using drops of slightly solidified
resin and allowed to set. The preparation was pinned onto
the Sylgard so that the acini were held against the dome,
thus preventing movement in the circulating fluid. The
glands were perfused (usually at 2 ml min-1) with
solution pumped continuously by a Watson Marlow H.R.
Flow inducer and turbulence in the bathing fluid was
minimised by the placement of nylon mesh between the
preparation and the inflow and outflow tubes.
The bath was mounted on a rigid table and the
preparation viewed through a Zeiss dissecting microscope
(x 80). The whole apparatus was enclosed in an earthed
Faraday cage to protect against electrical interference.
The basic experimental layout for stimulation and
recording is shown in Figure 2. The suction electrode
°utfl
FIGURE 2: Diagram of the apparatus used for stimulation
and recording.
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was constructed from a rigid polythene tube, one end of
which was drawn out so that the aperture was similar in
size to the diameter of the main salivary duct to allow
a close fit around the duct. A syringe was attached by
a cannula to the other end to allow bathing fluid and the
salivary duct (with the salivary nerves) to be sucked into
the electrode, in which was the anode, the cathode being
present on the outer surface and immersed in solution.
This suction electrode was used to stimulate the salivary
nerves by a single pulse or short trains (2-20 at 100 H3)
of pulses (0.5 ms, 10- 50 V) from a square pulse stimulator
(Devices, Type 2533). The frequency of application of a
stimulus to the nerves (or to an ionophoretic electrode)
could be controlled automatically using a Devices Digitimer.
Membrane potentials were recorded with glass
microelectrodes made on a vertical electrode puller from
borosilicate glass capillaries (outer diameter, 2 mm),
containing an inner filament to aid filling (Clark
Electromedical Instruments, EC200F-15). These electrodes
(10-20 Mn resistance) were filled with 1 - 3M KC1 using
a syringe fitted with a fine needle, and were connected
to a dual-beam oscilloscope (Tektronix, Type 565) via a
high impedance preamplifier (WP Instruments, dual micro-
probe 750). These microelectrodes were lowered into
position by means of a Zeiss sliding micromanipulator and
placed close to an acinus, which was penetrated by using
the fine control on the micromanipulator or by giving a
light tap to the table on which the apparatus rested.
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The bath electrodes consisted of AgCl - coated Ag
wire and were mounted as shown in Figure 1. The circuit
for monitoring current (Figure 2) was similar to that
described by Gage and Isenberg (1969) using an
operational amplifier (E - 78 differential amplifier,
Computing Techniques Ltd.) connected in the configuration
as suggested by Moore (1963), and incorporated a D.C.
calibrator (Electrophysiological Instruments Ltd.).
The 1 Mjb resistor connected in parallel with the operation¬
al amplifier afforded a 1 nA output to the oscilloscope for
a 1 mV input. Permanent records of voltage and current
were obtained using a pen recorder (Gould Brush 220).
Dopamine was applied ionophoretically by giving
pulses (up to 1 yA for up to 1 second) from a Devices
stimulator (Type 2533) to micropipettes (5-15 Mji.
resistance) containing a solution (0.25 - 1M) of dopamine
HC1 (Koch-Light). Backing current of 5-7 nA was applied
to decrease spontaneous leakage of dopamine from the
pipettes.
Conductance changes in an acinus were measured by
injecting rectangular current pulses (100 nA) through
an intracellular electrode and recording electronic
potentials with a second microelectrode in the same acinus.
Any additions or modifications to the above methods
are described in the relevant sections.
SECTION I
A STUDY OF THE ROLE OF CALCIUM




This section is a report of an investigation into
the involvement of calcium in hyperpolarizing responses
recorded from acinar cells. The hyperpolarization has
been found to be due to calcium-dependent potassium
activation (see Meech, 1978) and it is proposed that the
action of dopamine initially mobilizes calcium from an
acinar store, which may be replenished from the external
fluid.
The investigation is divided into three parts:
Part 1 shows that calcium can produce a hyperpolarization
of acinar cells and relates this to an increase in
potassium permeability.
Part 2 gives evidence for a buffered calcium store which
may be 'topped up' with calcium from the bathing solution
and which is linked with the action of dopamine.
Part 3 employs a calcium ionophore to bypass the initial
step of receptor activation and provides further
evidence for calcium-dependent potassium activation.
SECTION I: Part 1
calcium readmission response recorded




It was first reported by Douglas and Rubin (1961)
that calcium readmission after a period of deprivation
resulted in secretion from adrenal medullary cells and it
was suggested that this was due to an increase in calcium
permeability in calcium deficient medium. In the following
experiments on the salivary glands, readmission of calcium
after a period of incubation in calcium-free solution is
shown to evoke a hyperpolarization which is related to
an increase in potassium permeability arising from an
increase in the intracellular calcium ion concentration.
Such calcium-dependent potassium activation was initially
described in erythrocytes (Gardos, 1958; Romero and
Whittam, 1971) and has since been observed in many nervous
tissues (see Meech, 1978, for review).
Cobalt, like magnesium, is a competitive inhibitor
of calcium at motor nerve terminals (Weakly, 1973) and
both ions have been used in these experiments to substitute
for calcium in calcium-deficient media. The antagonism
by cobalt of calcium-dependent effects has been demon¬
strated in a number of preparations, e.g. blockade of
synaptic transmission in cerebellum (Hackett, 1976) and
in sympathetic ganglia (Guerrero and Riker, 1973);
O -f"
inhibition of Ca influx associated:
1. with action potentials in the barnacle muscle fibre
(Hagiwara and Takahashi, 1967) and in Aplysia neurones
(Geduldig and Junge, 1968);
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2. with the after-hyperpolarization in spinal moto-
neurones (Krnjevic, Lamour, MacDonald and Nistri,
1978); and
3. with the slow inward current in squid axons (Baker,
Meves and Ridgway, 1973) and in mammalian myocardial
fibres (Kohlhardt, Bauer, Krause and Fleckenstein,
1973) .
Cobalt also inhibits hormone release from the neuro¬
hypophysis (Dreifuss, Grau and Nordmann, 1973) and
pancreatic g-cells (Henquin and Lambert, 1975).
These effects are generally believed to result from
inhibition of calcium entry into cells. However, other
effects of cobalt, e.g. inhibition of fast axonal transport
(Hammerschlag, Chiu and Dravid, 1976) and spontaneous
neurotransmitter release (Weakly, 1973) have been attributed
to calcium displacement from intra-cellular binding sites
by cobalt.
Cobalt treatment in the salivary glands is shown to
prolong the hyperpolarization on calcium readmission and
it is suggested that this arises from a prolonged increase
in calcium permeability caused by cobalt.
METHODS (see also General Methods)
In the experiments in this section there was no
addition of CaCl2 to the 'conditioning' solutions and some
contained 5 or 10 mM MgCl2, 1 mM Mg2+ + 1 mMEGTA, or
5 mM CoCl2 (see text).
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Input resistance was measured by injecting rectangular
current pulses through an intracellular electrode and
recording electrotonic potentials with a second micro-
electrode in the same acinus. The reversal potential of
the readmission response may be calculated from the
electrotonic potentials observed in conditioning and
readmission solutions. In Figure 1A the applied current
pulse (I) is constant throughout the experiment and the
resulting electrotonic potentials have magnitude P before
and p after the readmission of calcium. The hyper-
polarization obtained with zero current has magnitude v
and is of the same sign as the resting potential, E, in
the conditioning solution. Assuming a circuit as shown
in Figure IB (see Katz, 1966), the readmission response
is represented by closing of the switch. The resistances
R and r are shown and the reversal potential is e, where
e = E + (^p)v
(see Figure 1, calculation)
RESULTS
On replacement of the standard bathing solution
(containing 5 mM calcium) with a 'conditioning' solution
without added calcium a small depolarization (of up to
10 mV) was sometimes seen (Figure 4A). When the calcium-
containing solution was readmitted a large hyperpolarization
was elicited (Figures 2-4). In the experiment of Figure 2
FIGURE 1*. Calculation of the reversal potential for
the readmission response. See text for
definition of symbols in A and B opposite
also, conductances G = ^ and g = -i
V = potential across each arm of the circuit
ix = current through left arm
i2 = current through right arm
Vo = potential in conditioning solution (i.e.
with an open switch in the circuit).
V = E + ixR and V = e + i2r ; also, it + i2 = I
Combining :
V ~ E
+ V ~ 6 = I (switch closed)....(1)
R r
P = I and p = q—so, g = (£-=-£)g (2)
From (1) and (2) V = -—+rGE—+ geG + g
. , , _ _ I + GE
With switch open, V0 = ^
Change in potential when switch is closed = V - V0
§(e - Vo)
V - V0 = —
1 + 5
When 1=0, v = V - V0 so, + lj = e - E.... (3)
From (1) and (3) the reversal potential, e , is found
e - E + (p4-S>
Iv
Out
FIGURE 1: See text and calculation (opposite).
2 min
FIGURE 2: Readmission responses after incubation in
media with no added divalent cations.
In A, the preparation was incubated in calcium-free
solution containing 1 mM EGTA for 10 min; in B,
the preparation was incubated in calcium-free
medium for 15 min. At • the glands were exposed to
control media containing 5 mM calcium.
In B, Ii and 12 are responses to identical pulses of





FIGURE 3: Readmission responses after incubation in
calcium-free media containing magnesium.
In A, the glands were incubated in solution containing
5 mM MgCl2 for 13 min; in B, the glands were
incubated in solution containing 10 mM MgCl2 for
16 min. Control solution containing 5 mM CaCl2
was introduced at •.
In B, the responses, I ]_ and I2 to identical pulses of
dopamine were elicited in conditioning and in
control solutions respectively.
5min
FIGURE 4: Readmission response after incubation in zero
calcium medium containing cobalt.
In A, control solution containing 5 mM CaCl2 was replaced
by calcium-free solution containing 5 mM CoCl2
shortly after a response was evoked by a stimulus
to the salivary nerves. Control solution was
reintroduced at • after 15 min in the cobalt medium.
In B, the preparation was incubated in medium containing
5 mM CoCl2 + 5 x 10_1+M phentolamine. At • control
solution was reintroduced.
no divalent ions were present in the conditioning
solutions and readmission of calcium resulted in transient
hyperpolarizations. Transient readmission responses
were also seen if the conditioning solution contained
magnesium (Figure 3), but incubation in cobalt containing
solution resulted in production of a prolonged hyper-
polarization (Figure 4).
It was not always possible to determine the duration
of the response after cobalt incubation because of
displacement of the recording microelectrode but Table 1
gives an indication of the more prolonged nature of the
response elicited after cobalt treatment than that
produced after incubation in solution containing magnesium
or no added divalent ions. In order to investigate the
readmission response more fully it was therefore of
benefit to incubate the preparation in conditioning soluti*
containing cobalt.
It was found that the hyperpolarization after
cobalt treatment was sustained only if calcium was present
in the bathing solution and was reversed by replacement
of the calcium containing solution with one containing
cobalt (Figure 5) or magnesium (Figure 6). The membrane
potential reverted to the hyperpolarized level on
readmission of the calcium solution.
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FIGURE 5: Effect of withdrawal of calcium on the
readmission response.
Abscissa: time after start of exposure to 5 mM cobalt.





FIGURE 6: Effect of calcium withdrawal on the readmission
response.
The preparation was incubated in calcium-free medium
containing 5 mM cobalt for 25 min before control
solution containing 5 mM calcium was introduced
(at •). During the period shown by the horizontal
bar the control solution was replaced by calcium-
free medium containing 10 mM magnesium.
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Modification of 'conditioning' and 'readmission' solutions
Variations in the composition of the conditioning
or readmission solutions affected the magnitude of the
readmission response.
In Figure 7 the preparation was incubated for 30
minutes in 0.5 mM cobalt and reintroduction of 5 mM
calcium produced a hyperpolarization of 20 mV. The
preparation was then exposed to 5 mM cobalt for 14 minutes,
during which time the hyperpolarization was reversed.
Reintroduction of 5 mM calcium was seen to produce a
hyperpolarization significantly greater (over 60 mV)
than that elicited after incubation in low (0.5 mM) cobalt.
In Figure 8 the preparation was exposed to 5 mM
calcium together with 5 mM cobalt and washout of the cobalt
solution resulted in only a small hyperpolarization (7 mV).
Incubation in 5 mM cobalt alone for a further 25 minutes
was followed by a large hyperpolarization (60 mV) on
return to the calcium solution.
Figure 9 shows that the magnitude of the readmission
response was dependent on the calcium concentration, a
much greater response being elicited by readmission solution
containing 5 mM calcium than one containing 1 mM calcium.
Reversal of the hyperpolarization occurred in solution
containing a low (0.1 mM) calcium concentration (Figure 10)
as was observed in zero calcium solutions containing cobalt
or magnesium (Figures 5 and 6). The presence of 5 mM
cobalt in the readmission solution also reduced the




FIGURE 7: Effect on the readmission response of
incubation in 'conditioning' solution containing a low
concentration of cobalt.
The glands were incubated for 30 min in zero calcium
solution containing 0.5 mM cobalt before readmission
of 5 mM calcium in control solution (first arrow).
After a small readmission response had been elicited
the bathing solution was replaced by one without
calcium but containing 5 mM cobalt. 12 min later
(chart recorder slowed during the cobalt incubation)
5 mM calcium in control solution was reintroduced
causing a large hyperpolarization (peak value off-
scale here).
5Ca 5Co 5Ca
FIGURE 8: Effect on the readmission response of
incubation in 'conditioning' solution containing calcium
and cobalt.
The glands were incubated in 5 mM cobalt + 5 mM calcium
and after 30 min the solution was replaced (first
arrow) by control solution containing 5 mM calcium.
After a small response was produced the glands were
incubated for a further 25 min in 5 mM cobalt
medium without calcium. Readmission of control





FIGURE 9: Effect of a decreased calcium concentration
on the readmission response.
The glands were incubated in calcium-free medium con¬
taining 5 mM cobalt for 15 min and then control
solution containing 1 mM calcium was introduced
(first arrow). A much larger response was elicited
when the calcium concentration was increased to
5 mM (second arrow).
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FIGURE 10: Effect of decreasing the calcium concentration
after production of the readmission hyperpolarization.
The preparation was incubated in zero calcium solution
containing 5 mM cobalt for 30 min before introduction
of control solution containing 5 mM calcium (first
arrow). Between second and third arrows the calcium
concentration was reduced to 0.1 mM. The sharp
deflection at the end of the record represents






FIGURE 11: Effect of the addition of cobalt to the
readmission solution.
Solution containing 5 mM calcium was introduced after
30 min incubation in zero calcium medium containing
5 mM cobalt (first arrow). Between the second and
third arrows 5 mM cobalt was added to the control
solution.
The sharp deflection at the end of the record signifies
removal of the recording electrode.
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A prolonged readmission response was also seen after
incubation with magnesium-containing calcium-free medium
if the readmission fluid contained 5 mM magnesium in
addition to 5 mM calcium (Figure 12), and was reversed on
return to calcium-free medium. This shows that magnesium
has a much weaker effect than cobalt in the enhancement
of the calcium readmission response.
Phentolamine and the readmission response
There remained the possibility that the readmission
response was produced indirectly through the release of
transmitter from the nerve endings and this was investigated
with the use of phentolamine, which is known to antagonise
the hyperpolarization evoked both by nerve stimulation
and by dopamine (Ginsborg _et al, 1976; Bowser-Riley et
al, 1978).
In 14 experiments phentolamine (0.1 or 0.5 mM) was
added to both conditioning and readmission solutions.
In five of these no hyperpolarization was elicited within
the first 3-minute period after calcium readmission but
a response was seen on washout of the phentolamine. In
the remaining nine cells responses were evoked within
3 minutes as is typical in preparations not incubated in
the presence of phentolamine. Figure 13 shows simultaneous
records from two cells, only one of which responded to
the readmission of calcium in the presence of phentolamine.
49
5 Mg
56a 10 iyi g
FIGURE 12: Effect of readmission of calcium with
magnesium.
The preparation was incubated in zero calcium solution
containing 10 mM magnesium for 10 min and then in
solution containing 5 mM calcium + 5 mM magnesium
(first arrow). The calcium containing solution was
replaced at the second arrow by the one containing
10 mM magnesium.
4min
FIGURE 13: Effect of phentolamine on the readmission
response.
A and B represent simultaneous recordings from two
separate acini. The preparation was incubated for
20 min in calcium-free medium containing 1 mM
magnesium, 1 mM EGTA and 5 x 10"phentolamine.
Control solution containing 5 mM calcium and
5 x 10-ltM phentolamine was introduced (dotted line).
5 min later (arrow) the glands were perfused with
control solution not containing phentolamine.
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These results show that phentolamine is able to
block the response but does not provide strong evidence
for the idea that transmitter release is responsible for
the response. A further experiment was performed to
determine if the responses elicited in the presence of
phentolamine were due to the attainment of a high enough
transmitter concentration to overcome the phentolamine
blockade. Figure 14A shows that the time course of
recovery of the readmission response was unaffected by a
prolonged exposure to phentolamine (0.5 mM). This was in
marked contrast to the rapid abolition by phentolamine
of a prolonged hyperpolarization evoked by dopamine
leakage from a micropipette (Figure 14B).
Resistance changes and calcium withdrawal
Douglas (1968) has suggested that calcium deprivation
might lead to structural changes in adrenal chromaffin
cell membranes resulting in an increase in membrane
permeability which would then permit a large calcium
influx on readmission of calcium to the bathing medium.
In order to investigate this possibility in the salivary
glands, the resistance of a cell was measured before and
after calcium removal (Figure 15). The top traces show
the current passed by one intracellular electrode and
the bottom traces show the resulting electronic potentials
recorded by a second intracellular electrode in standard



















FIGURE 14: Comparison of the effect of phentolamine
on the readmission response and the response to dopamine.
A illustrates part of the time course of recovery of the
membrane potential of a cell in calcium medium after
a 20 min incubation in calcium-free medium containing
5 mM cobalt. 0.5 mM phentolamine was added to the
readmission solution during the period shown by the
bar.
B shows the rapid effect of 0.5 mM phentolamine on a
hyperpolarization evoked by dopamine diffusing from
a micropipette. The response to dopamine was still
depressed after 20 min in phentolamine-free solution.
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FIGURE 15: Effect on input resistance of withdrawal of
calcium from the bathing medium.
Top trace - current pulses applied to one intracellular
microelectrode.
Middle trace - electrotonic potentials measured by a
second intracellular microelectrode in
the same acinus. 10 mV calibrating steps
are shown here and in the top trace.
Bottom trace - 10 sec time marks.
A shows responses recorded by both microelectrodes in
control solution on stimulation of the salivary nerves.
B shows current pulses and resulting electronic potentials
after 17 min in zero calcium soltuion containing 1 mM
magnesium + 1 mM EGTA.
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+ 1 mM EGTA(B). On changing the calcium-containing bathing
medium to the 'zero' calcium solution, there was a
depolarization of about 5 mV and a small reduction in
input resistance from 0.68 to 0.6 Mj2. In four other
experiments calcium removal resulted in varied changes in
resistance, there being reductions of 20, 20 and 50% in
three experiments and in the fourth an increase of 20%.
These results do not support the idea of a generalised
increase in conductance of the membrane due to calcium
deprivation, but the possibility remains that there is a
specific increase in permeability to calcium ions.
Origin of the hyperpolarization:
1. Increase in potassium concentration
Ginsborg, House and Silinsky (1974) have shown that
the hyperpolarization due to nerve stimulation or
dopamine application is associated with an increase in
membrane potassium conductance and it was therefore of
interest to investigate whether the same was true for
the readmission hyperpolarization. A four-fold increase
in the potassium concentration reduced the hyperpolarization
by about 25 mV (Figure 16) as compared to 4 mV in resting
cells (House, 1973), suggesting that the response is indeed
associated with an increase in potassium permeability.
3 min
FIGURE 16: Effect of an increased potassium ion
concentration on the readmission response.
The preparation was incubated in calcium-free solution
containing 5 mM cobalt for 9 min before readmission
of control solution containing 5 mM calcium and 1 mM
potassium at • . The potassium concentration was
increased to 4 mM over the periods shown by the
horizontal bars. The sharp deflection indicates
withdrawal of the electrode.
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2. Resistance measurements
Figure 17 illustrates the results of an experiment
where an acinus was impaled with two electrodes, one for
current injection and the other for recording. The
conditioning solution contained 5 mM cobalt and the input
resistance was found to be 0.5 Ma. After 30 minutes in
this solution, cobalt-free medium containing 5 mM calcium
was introduced and a large hyperpolarization (to -117 mV)
was elicited together with a decrease in input resistance
to about 0.16 Mm. The changes in membrane potential and
resistance were rapidly reversed on return to the calcium-
free solution. The decrease in input resistance during
the readmission response indicates that an increase in
ion permeability occurs during this time.
3. Reversal potential for the readmission response
The above experiments (Figures 16 and 17) suggested
that the hyperpolarization was due to an increase in the
permeability to potassium ions; if so, the reversal
potential for the response would be expected to be equal
to the Nernst equilibrium potential for these ions.
The reversal potential was calculated as shown in
Methods using data from the experiment illustrated in
Figure 18. The bathing solution contained 15 mM instead
of 1 mM potassium in order to allow reversal of the
response by passing 100 nA current pulses. During the
readmission response there was a hyperpolarization to


































FIGURE 17: Reduction of input resistance associated
with the readmission response.
A: upper trace - current pulses through one intra¬
cellular electrode;
lower trace - electrotonic potentials recorded with
a second intracellular electrode in
the same acinus.
B: time course in the changes in resistance (open
circles) and membrane potential (filled circles).

























FIGURE 18: Reversal potential for the readmission
response.
Upper trace: current pulses through one intracellular
electrode.
Lower trace: electrotonic potentials recorded by a
second intracellular electrode in the same
acinus.
The recording speed was recorded by a factor of 60 at
b, a further factor of 50 at c, restored at d,
slowed by a factor of 60 at f and restored at g.
At a, the preparation was in calcium-free medium
containing 5 mM cobalt and at b, control solution
containing 5 mM calcium was introduced. Both
solutions contained 15 mM potassium. The reversal
potential lies between the lower and upper 'envelopes'
of the electrotonic potentials in the control solution.
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tion to -60 mV with 100 nA current (lower envelope). The
reversal potential therefore lies between these two values
and was calculated to be -51 mV. From the Nernst equation,
the internal potassium ion concentration can be estimated
as 110 mM which implies .that the reversal potential in
1 mM external potassium should be -118 mV, a value similar
to that approached at the peak of the response in 1 mM
potassium (c.f. Figure 17).
The large hyperpolarization seen on calcium readmission
may therefore be plausibly attributed to an increase in
potassium conductance. A more detailed calculation may be
made as follows, with reference to Fibure IB. Let E = -40 mV
be taken for the resting potential and R = 0.5 MJl for the
input resistance. If it is assumed that the response in
1 mM potassium is due to opening of potassium channels
corresponding to a reversal potential of -118 mV (e) and
resistance of 0.2 Mft(r), then the peak hyperpolarization
may be calculated as -60 mV which is in reasonable agreement
with observed values (Table 1).
Effect of dopamine during the readmission response
In a few experiments dopamine was applied iono-
phoretically during the prolonged hyperpolarization and
a depolarization was occasionally seen (Figure 19A).
The depolarization was similar to that seen in response
to nerve stimulation and ionophoretic dopamine in a cell
with an unusually high resting potential of -90 mV
(Figure 19B). It has already been reported (House, 1973;




FIGURE 19: Depolarizing responses to ionophoretic
dopamine and nerve stimulation.
A: responses to two consecutive short pulses of
dopamine at the peak of the readmission response
(membrane potential, -100 mV).
B: lower trace shows responses to nerve stimulation (N)
and to a pulse of dopamine (I, upper trace). The
cell had an unusually high resting potential of
-90 mV compared with other cells whose resting
potentials were in the normal range. The preparation
was in normal solution, but had previously been
exposed to one with no added divalent cations for
about 1 hour.
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dopamine or nerve stimulation can sometimes evoke a
hyperpolarizing response with a later, slow depolarizing
phase. Since the depolarization to dopamine is seen at
the height of the readmission response it represents an
underlying membrane potential change which is presumably
not evoked by calcium readmission.
DISCUSSION
Zero calcium and calcium readmission
The readmission hyperpolarization is due to a direct
effect on acinar cells rather than to an indirect effect
involving the prolonged release of transmitter because
phentolamine (5 x 10-1+M) did not reverse the sustained
hyperpolarization after incubation in cobalt medium
whereas it caused a rapid blockade of a receptor-mediated
hyperpolarization (Figure 14). However, phentolamine was
sometimes seen to inhibit production of the hyperpolariza¬
tion. The reason for this is speculative but one
possibility is that the calcium influx sites are linked
to the dopamine receptor and phentolamine is capable of
obstructing access of calcium to these sites.
Removal of calcium from the bathing fluid sometimes
caused a depolarization while the changes in input
resistance were found to be of variable magnitude and
direction. Although other divalent ions may substitute
for calcium in stabilizing excitable membranes
(Frankenhaeuser and Hodgkin, 1957; Bulbring and Tomita,
62
1970; Krnjevic, Lamour, MacDonald and Nistri, 1979a),
the large response seen on calcium readmission after
incubation in magnesium or cobalt-containing solution
suggests that calcium deprivation produced an increase
in permeability specific to calcium. The measurements
of resistance also do not support the idea of a generalised
increase in permeability in calcium deficient solution
(Douglas, 1968).
It should be noted that in later experiments (Section
I, Part 3) higher resting potentials (mean = -54 mV)
were recorded using improved experimental techniques than
those (mean = -32 mV; House, 1973) recorded from the
glands using similar apparatus to that employed in the
present experiments. On incubation in calcium-free media
smaller membrane potentials were recorded (mean = -36 mV).
In order to investigate the cause of the depolarization
in calcium-free media it would be necessary to monitor
input resistance on changing to the zero calcium solution.
Removal of calcium has been found to depolarize
parotid gland cells (Petersen and Pedersen, 1974),
pancreatic acinar cells (Petersen and Ueda, 1976),
Helix central neurones (Moreton, 1972) and smooth muscle
of the guinea-pig taenia coli (Brading, Bulbring and
Tomita, 1969). Petersen and Ueda and Brading et_ _al
suggested that the decrease in resistance associated
with the depolarization in calcium-free solution was due
to an increase in permeability to sodium ions, but the
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depolarization seen in Helix neurones was found to be
independent of external sodium. Depolarization could also
arise from a decrease in the permeability to potassium
and in this case an increase in resistance would be found
in calcium-free medium. Indeed, Biilbring and Tomita (1969)
found an increase in input resistance associated with the
depolarization of smooth muscle in solutions containing
a low concentration of calcium suggesting that a decrease
in potassium permeability also occurs in smooth muscle in
calcium deficient medium.
Readmission of calcium to the above preparations
results in hyperpolarization to the initial resting
potential, in contrast to the large increase in internal
negativity seen on readmission of calcium to cockroach
salivary gland acinar cells.
There is no perceptible increase in fluid secretion
in the cockroach salivary gland on calcium readmission
after incubation in test solution without divalent cations
or with 5 mM magnesium, but a prolonged, sub-maximal
increase is seen in calcium after incubation in 5 mM
cobalt (C.R. House, personal communication). Readmission
of calcium in pancreatic acinar cells evokes a small,
transient increase in amylase output (Petersen and Ueda,
1976) and in the submaxillary gland a small increase in
secretion is occasionally seen (Douglas and Poisner, 1963).
This contrasts with the large increase in secretion on
calcium readmission in the adrenal gland (Douglas and
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Rubin, 1961). In the endocrine pancreas a large increase
in secretion is also evoked by readmission of a high
(18 mM) concentration of calcium and, on reaching a
maximum insulin output some 10 - 16 minutes after calcium
readmission, insulin output declines to the basal release
rate (Devis, Somers and Malaisse, 1977). The prolonged
increase in secretion in the cockroach salivary gland
after cobalt treatment occurs concomitantly with the large
hyperpolarization on calcium readmission suggesting a
connection between the two events. An increase in
secretion after incubation in calcium-free medium without
cobalt may not be detected due to the transient nature of
the readmission response or to differences in the calcium
requirement for secretion and for hyperpolarization.
Calcium-dependent potassium activation and effect of cobalt
The hyperpolarization evoked on readmission of calcium
to cockroach salivary glands is due to an increase in
potassium permeability. Meech and Strumwasser (1970),
using the mollusc Aplysia, originally proposed that
intracellular calcium ions could activate potassium
channels in nervous tissue, and similar findings have been
made in Helix aspersa neurones (Meech, 1974a). Intra¬
cellular injection of calcium ions into mammalian spinal
neurones also increases the potassium conductance
(Krnjevic and Lisiewicz, 1972). The calcium dependent
potassium activation in these neurones underlies the post-
65
spike afterhyperpolarization as is the case in the guinea-
pig myenteric plexus (Nishi and North, 1973; Hirst,
Holman and Spence, 1974) and in sympathetic (Busis and
Weight, 1976) and parasympathetic (Suzuki and Kusano,
1978) ganglion cells. Intracellular calcium also regulates
the potassium conductance in cardiac Purkinje fibres
(Isenberg, 1977a,b; Siegelbaum and Tsien, 1979) and in
ventricular muscle (Bassingthwaighte, Fry and McGuigan,
1976) and thus has control over the duration of the action
potential.
This type of potassium activation may be antagonised
by intracellular injection of EGTA (Krnjevic, Puil and
Werman, 1975, 1978; Meech, 1974a,b; Isenberg, 1977a) or
by the divalent cations, cobalt and magnesium (Barrett and
Barrett, 1976; Krnjevic est ad, 1979b; Moolenaar and
Spector, 1979), and may be potentiated by any agent which
increases intracellular calcium, e.g. caffeine (Suzuki and
Kusano, 1978; Morita, Koketsue and Kuba, 1980).
Further evidence that there is an increase in intra¬
cellular calcium ion concentration comes from the use of
the dyes, arsenazo III (Thomas and Gorman, 1977) and
aequorin (Eckert and Tillotson, 1978) and shows that the
change in membrane potential is closely associated with
the change in absorbance due to the increase in intra¬
cellular calcium.
In the experiments reported here it seems that the
increase in potassium permeability arises from an increase
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in intracellular calcium due to influx from the external
solution. Cobalt appears to prolong this influx rather
than to inhibit calcium binding in intracellular stores
because the readmission response after cobalt treatment
is only sustained if a high calcium concentration is
present externally. The magnitude of the readmission
response is markedly reduced if the concentration of
cobalt in the conditioning solution is low or if calcium
is present with cobalt suggesting that the large increase
in permeability is dependent on incubation in a high
cobalt concentration and that there may be competition
by calcium for the sites at which cobalt acts. Further
evidence for competition between cobalt and calcium comes
from the observation that the readmission response was
reduced by introduction of a solution containing calcium
and cobalt. The competition between the two ions may
occur at two different calcium binding sites, (a) concerned
with regulation of calcium permeability, and (b) concerned
with calcium influx. Site (b) seems to be a more super¬
ficial site and removal of cobalt from solution allows
calcium to act at these sites (Figure 11). Site (a),
however, would retain cobalt after washout of the cobalt-
containing solution and the cobalt action at this site
may result in prolongation of a conformational change,
arising from calcium depletion, which would allow a
sustained influx of calcium via the second calcium binding
site .
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The enhancement of the calcium permeability was
also seen after magnesium incubation but only if magnesium
was present in the readmission fluid with calcium. The
much more potent effect of cobalt in prolonging the
increase in permeability to calcium may be due to it
having a greater affinity than magnesium for the calcium
binding sites (a) and this idea is supported by the
observation that cobalt is twenty times more potent an
inhibitor of calcium-dependent transmitter release than is
magnesium (Weakly, 1973).
The hyperpolarization evoked by calcium readmission
is similar to that evoked by nerve stimulation and by the
putative transmitter dopamine in that it has a comparable
reversal potential, reflecting an increase in potassium
permeability (Ginsborg ejt _al, 1974). It is therefore
reasonable to suppose that the hyperpolarization observed
on nervous stimulation or dopamine application also
results from an initial increase in the cytosolic calcium
concentration and this is investigated further in the
following experiments.
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SECTION I: PART 2
The role of calcium in the hyperpolarization
of salivary gland acinar cells
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Introduction
In the preceding section it was proposed that a
hyperpolarization of the acinar cell could be evoked by
an increase in potassium permeability activated by calcium
ions following their influx from the external medium.
Hyperpolarizing responses resulting from nerve stimulation
or dopamine application in the cockroach salivary gland
have also been associated with an increase in potassium
permeability (House, 1973; Ginsborg _et al, 1974) and it
was therefore of interest to determine the importance of
calcium in these evoked responses. The results suggest
that there may be a buffered store of calcium in the acinus
which can be replenished from the external solution and
that stimulation by dopamine results in influx of calcium
from the store to mediate activation of potassium channels.
METHODS
The control solution was as described in General
Methods and the test solutions (see Table 1) contained
varying concentrations of calcium (0.01 to 0.5 mM). Zero
calcium solutions were without divalent cations or contained
magnesium or cobalt. From the maximum calcium impurity
specified for the reagents used in the calcium-free
solutions it is likely that the calcium content is less
than 10~7M. In a few experiments, EGTA was also added
thus reducing any free calcium ion concentration still
further, probably to less than 10~9M (Hubbard, Jones and




Reduction of the external calcium ion concentration
from 5 mM to 0.5 mM diminished the hyperpolarizing responses
to nerve stimulation while the magnitude of the responses
evoked by ionophoretic dopamine remained the same (Figure 1);
this shows that transmitter release is highly dependent on
the external calcium ion concentration. The ionophoretic
responses were maintained even after prolonged exposure to
even lower calcium concentrations, e.g. 300 yM, but a
reduction was seen with very low concentrations of calcium,
e.g. 20 yM (Table 1).
Zero calcium solution
On exposure of the salivary glands to calcium-free
medium, the resting potential often decreased although,
occasionally, there was no change or even an increase was
observed (Table 1). There was also no consistent change
in resistance on removal of calcium (c.f. Section I, Part 1).
Responses to ionophoretically applied dopamine could
still be evoked even after a prolonged exposure to calcium-
free solution (Figure 2). On return to control solution
containing 5 mM calcium a readmission hyperpolarization
was elicited (c.f. Part 1) and the response to a pulse
of dopamine was restored to the same magnitude as that
seen before exposure to the calcium-free medium (Figure 3).
Although the amplitude of the hyperpolarization to
a particular dopamine charge is reduced in calcium-free




FIGURE 1: Effect of reduction of concentration of
calcium in the bathing fluid on responses to nerve
stimulation and ionophoretic dopamine.
Upper traces: responses to a burst of 10 stimuli
applied to the salivary nerve.
Lower traces: responses to dopamine ejected by brief
ionophoretic current pulses (20 nA,
200 ms).
The first of each pair of responses was recorded in
control solution containing 5 mM calcium. The
second of each pair was recorded in solution contain¬
ing 0.5 mM calcium.
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TABLE 1 : Effect of changing from control solution containing
5 (or 10*) mM Ca2+ to test solution on the amplitude
of the response of acinar cells to dopamine applied
ionophoretically by a brief current pulse delivered
to a micropipette containing 0.1 to 0.5 M dopamine in
3M K- acetate.
Time in Change to
Test solution Control Test test resting
contains amplitude amplitude solution potential*
(mM) (mV) (mV) (min) (mV)
0.5 Ca 17 17 12 0
0.3 Ca 8 7 10 0
0.1 Ca 7 8 35 0
0.02 Ca 20 8 12 -10
16 0 12 -5
no added
40 23 20 +10




26 10 7 0
23 5 11 + 3
no added 30 0 6 +20
divalent ions 25 0 4 +20
+ 20 0 6 +20
1 EGTA 19 0.5 5 +20
1 Mg
60 30 10 +5
55 5 6 +5
+
25 0 8 +6
1 EGTA
12 +651 5
*45 7 13 +10
27 3 5 +10
10 Mg
20 5 6 +8
*20 5 5 0
10 4 6 0
10 3 8 +10
2.5 Co
50 8 16 +10
20 040 0
48 1.5 30 +8
c
34 0 10 +15
O v^O
34 3 23 +5
25 7 12 +3
*hyperpolarization given as negative
0 rain 4 rain 8 min 12 min
2 rain
FIGURE 2: Effect of withdrawal of calcium from the
bathing solution.
The control solution contained 5 mM calcium; the test
solution contained no added calcium. Responses
(bottom traces) at indicated times after introduction
of test solution are to dopamine ejected by 120 nA
ionophoretic current pulses (top traces). Middle
traces correspond to a level of -20 mV. The cell
hyperpolarized by about 9 mV in the test solution.
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FIGURE 3: Effect of replacing calcium in the bathing
fluid by magnesium.
The control solution contained 10 mM calcium; the test
solution contained 10 mM magnesium. Lower trace
shows 10 sec time marks and signal indicating return
of control solution (arrow). Test solution introduced
immediately before recording shown. Upper trace
shows response to dopamine ejected by brief 10 nC
ionophoretic pulses. Note 'spontaneous' hyper-
polarization when control solution was readmitted.
The final response was obtained in control solution
4 min later when the resting potential was at its
control level.
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solution, the original amplitude may be restored by
increasing the amount of dopamine ejected (Figure 4, 5).
Figure 4 illustrates the effects of calcium withdrawal
on responses to two different quantities of dopamine,
applied alternately. The smaller response is rapidly
abolished in zero calcium while the larger response is only
reduced by about half in the same period. It is not
likely that the reduction in the hyperpolarizations is
due to a general reduction in resistance in zero calcium
because no consistent, marked reduction in input resistance
was found in calcium-free medium (see Part 1).
Zero calcium solutions containing EGTA
In order to be more certain that the calcium con¬
centration in the vicinity of the acinar cells was very
low and that the above responses in 'zero' calcium were
not due to residual calcium in the solutions, six experi¬
ments were carried out in calcium-free solution containing
1 mM EGTA. Figure 5 illustrates one such experiment and
shows a reduction in the response to a small pulse of
dopamine in 1 mM Mg2_r + 1 mM EGTA (Figure 5A2), which
could be surmounted by application of a large dopamine
pulse (Figure 5A3). A transient hyperpolarization was seen
on readmission of control solution and the responses to
applied dopamine quickly recovered their original magnitude.
FIGURE 4: Effect of withdrawal of calcium from the
bathing solution.
The control solution contained 5 mM calcium; the test
solution contained no added calcium. Segments of
a continuous recording are shown in A1 and A2.
Bottom traces show 10 sec time marks; chart speed
reduced between stimuli. Responses (middle traces)
to dopamine ejected by 1 uA ionophoretic pulses
(upper traces) alternately of 0.25 and 1 s in test
solution applied 3 min before beginning of A1.
There was a progressive depolarization of 7 mV
during A1 and A2.
FIGURE 5: Effect of withdrawal of calcium from the
bathing solution.
The control solution contained 5 mM calcium; the test
solution contained 1 mM magnesium + 1 mM EGTA.
Segments of a continuous recording are shown in A1,
A2 and A3; between the end of A1 and beginning of
A2 there was an interval of 2 min and the correspond¬
ing interval between A2 and A3 was 9 min. Bottom
traces show 10 s time marks (and in A3 also 1 min
intervals when chart speed was reduced). Small
arrows indicate 10 mV calibration steps.
A1: responses (middle trace) to dopamine ejected by the
indicated ionophoretic charges (upper trace) in
control solution which was changed at the end of A1.
A2: responses in test solution.
A3: test solution present until small arrow. When control
solution was readmitted, a large 'spontaneous'
hyperpolarization occurred (large arrow).
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Responses evoked by prolonged pulses of dopamine
The ability of dopamine to evoke responses after
prolonged exposure of the salivary gland cells to solutions
whose calcium ion concentration is likely to be extremely
small suggests that these responses are not dependent on
influx of calcium from the external medium. Assuming that
the responses are activated by an increase in intracellular
calcium ion concentration (c.f. Part 1), dopamine must
release calcium from a buffered store in the acinus, which
is unaffected by removal of calcium from the external fluid,
or by the presence of EGTA.
Figure 6 shows responses to repeated, prolonged
dopamine pulses in control solution (Al), in calcium-free
medium (A2) and again in control solution (A3). In control
solution, both before and after calcium deprivation,
repeated doses of dopamine gave responses of the same
magnitude. However, in the calcium-free medium, successive
responses to the same dopamine charge are reduced in
amplitude (Figure 6A2). A calcium readmission response was
seen on return to control medium and the fact that successive
responses were not reduced in this solution shows that the
reduction in the calcium deficient medium was not due to
a concomitant deterioration of the cell and loss of ability
to produce a marked hyperpolarization. Figure 7 shows a
similar reduction in a preparation which had been exposed
to zero calcium solution for 80 minutes. The progressive
decrease is seen as a result of repetitive stimulation,
FIGURE 6: Effect of withdrawal of calcium from the
bathing solution.
The control solution contained 5 mM calcium; the test
solution contained no added calcium. Segments of
a continuous recording are shown in A1, A2 and A3.
Bottom traces show 10 s time marks: where thes.e
cannot be resolved the. chart speed was reduced 25-
fold. A1: responses (middle trace) to dopamine
ejected by ionophoretic current pulses (100 nA)
shown in top trace. A2: test solution introduced
at arrow. A3: control solution readmitted at
arrow; note 'spontaneous' hyperpolarization which
followed.
FIGURE 7: Effect of repeated dopamine stimulation
after prolonged exposure to calcium-free solution.
The upper traces show 200 nA pulses applied to the
dopamine pipette and the lower traces show the
subsequent responses. The first response was
elicited after the preparation had been left
(unstimulated) in bathing solution with no added
calcium for 80 min. The following responses were
evoked at 83, 93 and 103 min.
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suggesting that dopamine gradually exhausts a store of
calcium in the acinus. The run-down of responses is not
seen in control solution or in solution containing a
calcium concentration as low as 50 yM (Figure 8) which
suggests that the store is capable of being replenished
from the outside medium, even at very low calcium con¬
centrations .
'Zero' calcium solutions containing high concentrations
of magnesium or cobalt
The presence of high concentrations of magnesium
(10 mM) or cobalt (5 mM) in the calcium-free solutions
appeared to reduce successive responses to dopamine more
rapidly than in solutions with no added divalent ions or
with a low magnesium concentration (1 mM). This is
illustrated in Figure 9 which shows the rapid decrease in
responses to dopamine after more than an hour in a solution
in which calcium was replaced by cobalt (5 mM).
DISCUSSION
The results show a striking difference in the calcium
requirement of transmitter release and that of the post¬
synaptic response to the putative neurotransmitter and
strongly support the idea that dopamine acts by initiating
release of calcium from a store which is of limited content
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FIGURE 9: Effect of repeated dopamine stimulation
in bathing solution with 'zero' calcium and 5 mM cobalt.
Continuous recording of responses (lower trace) to
dopamine ejected by 100 nA ionophoretic currents of
durations shown in upper trace. The preparation
was left unstimulated in the bathing solution for
65 min before the recording started.
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Responses to nerve stimulation were rapidly abolished
after a ten-fold reduction in the external calcium ion
concentration whereas application of dopamine, after a
prolonged incubation of the salivary glands in calcium-
free medium, could still produce hyperpolarizations. The
responses to dopamine were dependent on calcium as they
were reduced in calcium-free medium and were restored to
their original magnitude on return to normal solution.
The decrease in consecutive responses to a large charge
of dopamine was only seen to occur in solutions without
added calcium and this suggested that dopamine was causing
depletion of a store of calcium. The calcium mobilized
from such a store would augment the intracellular con¬
centration thence activating potassium channels to
produce a hyperpolarization (c.f. Section I, Part 1).
Depletion of the store did not occur at concentrations
as low as 50 yM suggesting that it could be refilled from
the external solution and was saturated at very low calcium
concentrations. It has also been reported that nora¬
drenaline causes contraction of rabbit aorta in calcium-
free medium by mobilizing calcium from a store which may
be replenished from the external solution (Karaki, Kubota
and Urakawa, 1979).
Hyperpolarizing responses due to an increased
potassium conductance have been observed in calcium-free
media elsewhere, e.g. in Aplysia neurones in responses to
dopamine (Ascher, personal communication), 5-hydroxytryptamine
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(Gerschenfeld and Paupardin, 1973) and acetylcholine
(Kehoe, 1973). In the smooth muscle of the guinea-pig
taenia coli the hyperpolarization produced by the action
of adrenaline on a receptors is gradually reduced in
calcium-free solution and Bulbring and Tomita (1970)
have proposed the existence of an intracellular storage
site for calcium in this tissue. Nishiyama and Petersen
(1974) also realised the possibility of the involvement
of a calcium store which would mediate the action of
acetylcholine in producing hyperpolarizing responses in
submaxillary glands bathed in medium depleted of calcium.
Putney (1977) has used 85Rb+as a marker for calcium-
induced potassium release in the parotid gland and showed
that although sustained agonist-evoked release required
the presence of extracellular calcium, a transient
release of 86Rb+ was evoked in calcium-free medium. The
store of calcium in the parotid, like that of the cockroach
salivary glands, was found to be inaccessible to EGTA.
In any of the 'zero' calcium solutions the hyper¬
polarization evoked by a small pulse of dopamine was more
attenuated than that evoked by a large pulse. A similar
effect has been described in pancreatic acinar cells
where calcium deprivation resulted in a decrease in sub-
maximal but not maximal responses to acetylcholine
(Iwatsuki and Petersen, 1977). These observations may be
explained by assuming that an increase in the agonist
concentration results in activation of more receptors which,
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in turn, allows mobilization of more calcium stores in
the acinus. In the rat parotid (Marier, Putney and Van
de Walle, 1978) and lacrimal glands (Parod and Putney, 1978)
different receptors appear to regulate the same calcium
stores and this accounts for cross-receptor inactivation
seen in calcium-free medium.
Direct evidence for the involvement of an increase
in intracellular calcium ion concentration in the mediation
of electrical responses to glandular cell stimulants has
been provided by intracellular injection of calcium ions.
In pancreatic acinar cells (Petersen and Iwatsuki, 1978)
intracellular calcium depolarizes cells and produces
responses similar to that evoked by acetylcholine or
hormones while in lacrimal acinar cells (Iwatsuki and
Petersen, 1978) intracellular injection of calcium evokes
hyperpolarizations similar to those seen on application
of acetylcholine or adrenaline to the external acinar
membrane.
The more rapid reduction in the responses to
consecutive applications of dopamine in solution in which
calcium has been replaced by cobalt may be due to:
i) substitution by cobalt of calcium in the
store;
ii) inhibition of release of calcium; or
iii) inhibition of calcium influx after mobilization
from the store.
If cobalt displaces calcium from its store, then it can
only do so after stimulation by dopamine, otherwise a very
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much smaller response would be elicited on dopamine
ionophoresis after a prolonged period in cobalt solution.
The other two possibilities have been proposed to explain
the inhibitory effect of cobalt on contraction of the
rat rectum in calcium-free medium by high potassium or
acetylcholine (Yoshida, 1977). In the salivary glands,
inhibition of release alone would not account for the
rapid decrease in the effect of dopamine as there would
remain an appreciable amount of calcium in the store and
the first few consecutive responses would be expected to
be attenuated to the same degree. Likewise, inhibiton of
calcium influx would not show the rapid run-down of responses,
but further experiments would be required to investigate
the action of cobalt more thoroughly.
The effects of calcium removal on the electrical
events in glandular cells are related to the effects on
secretion. Fluid secretion from the cockroach salivary
glands is still evoked by dopamine after one hour in
calcium-free medium (Smith and House, 1979). Secretion,
although decreased, is seen in other glands in calcium-free
medium, e.g. the pancreas (Petersen, 1978), the parotid
(Petersen and Pedersen, 1974) and the submaxillary gland
(Douglas and Poisner, 1963). In the salivary glands of
the blowfly Calliphora, a transient increase in secretion
is evoked by 5-hydroxytryptamine in calcium-free medium
containing EGTA and this is also due to release of calcium
from a store in the gland (Prince and Berridge, 1973).
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Calcium efflux has been noted from pancreatic acinar
cells in response to acetylcholine and pancreozymin
(Matthews, Petersen and Williams, 1973), from blowfly
salivary glands in response to cAMP and 5-HT (Prince,
Berridge and Rasmussen, 1972) and from pancreatic islet
cells by glucose or readmission of a high calcium
concentration (Herchuelz, Couturier and Malaisse, 1980).
These effects are also connected with mobilization of
calcium from intracellular stores.
The site of the proposed store in the cockroach
salivary glands is unknown but, taking into consideration
the suggested association between the calcium store and the
dopamine-activated receptor, it seems reasonable to suppose
the store to be located in the cell or basement membranes.
It is of interest to note that the purified acetylcholine
receptor of the electric organs of electric fish has a
high binding capacity for calcium ions, which are not
easily displaced by EDTA (Chang and Neumann, 1976).
SECTION I: PART 3
Ionophore A23187: Calcium requirement
and acinar cell hyperpolarization
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Introduction
Further investigations of the role of calcium in the
production of the hyperpolarization were carried out with
the use of the ionophore A23187. A23187 is a carboxylic
acid antibiotic originally obtained from cultures of
Streptomyces chartreusensis (Chaney, Demarco, Jones and
Occolowitz, 1974) and more recently synthesised by Evans,
Sacks, Kleschick and Taber (1979). It has a high affinity
for divalent ions (Pfeiffer, Reed and Lardy, 1974) but
can transport monovalent ions such as sodium (Flatman and
Lew, 1977) and potassium (Pfeiffer and Lardy, 1976) in
the absence of divalent ions in the medium. Studies of the
ionophore-calcium complex using absorption and fluorescent
spectra (Pfeiffer _et _al, 1974) and conductance measurements
(Case, Vanderkooi and Scarpa, 1974) show that the complex
is neutral, having a stoichiometry of 2:1. The carboxylic
groups of the two ionophore molecules may allow exchange
of two protons for one calcium ion and Deber and Pfeiffer
(1976) have suggested a conformation such that the cation
is shielded by the ionophore molecules from the solvent,
the exterior of the complex being hydrophobic, thus
allowing the complex to pass into biological membranes.
In the present experiments the ionophore has been
found to produce a prolonged hyperpolarization due to an
increase in potassium permeability. A23187 is able to
evoke a small hyperpolarization in the absence of calcium
ions in the external solution but a substantial, sustained
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effect is normally produced only in the presence of extra¬
cellular calcium. The results support the idea that an
increase in potassium permeability results from an increase
in the intracellular calcium ion concentration (c.f.
Section I, Part 1) and that the ionophore can produce a
response in the absence of extracellular calcium due to
mobilization of a limited store of calcium in the acinus
(c.f. Section I, Part 2).
METHODS
These experiments were carried out using apparatus
different from that previously described. The preparation
was mounted so that the acini were stretched over a thin
glass plate in a perspex chamber (volume, 2 ml) while the
ducts and reservoirs were pinned to silicone resin surrounding
the plate (see Figure 1). Electrodes (40 - 60 Mn.), made
from glass capillaries (outer diameter, 1.2 mm) were filled
with 3M KC1 as before (see General Methods). These were
4
inserted into acini using a Leitz micromanipulator, and
vision was much improved by the use of a Zeiss Jena micro¬
scope (x 320 magnification) and Nomarski Optics. The
glands were superfused (2 ml min-1) with a solution of the
same composition as previously used, viz. (mM): NaCl 160,
CaCl2 5, KC1 1, Tns-HCl buffer pH 7.6, 5; and any
modifications of the fluid contents are specified in the
text. A23187 (Eli-Lilly) was dissolved (0.5-1 mg) in





FIGURE 1*. Diagram of experimental chamber.
I
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a final concentration of 5-10 yg ml-1. 1% methanol had no
effect on the membrane potential. Membrane potentials were
recorded as before.
RESULTS
Figure 2 shows that the addition of A23187 to the
bathing solution (containing 5 mM calcium) produced a
sustained hyperpolarization. Phentolamine (10-1+M), which
has been shown to antagonise the hyperpolarization due to
ionophoretically applied dopamine and nerve stimulation
(Ginsborg ejt aA, 1976; Bowser-Riley et al., 1978), did
not reverse this effect suggesting that the ionophore is
acting directly on the acinar cell and not by releasing
transmitter from the nerve endings (Thoa, Costa, Moss and
Kopin, 1974). The effect of A23187 on the resting
potential of a number of cells is shown in Table 1.
It seems probable that the hyperpolarization observed
after A23187 incubation is due to an increase in membrane
potassium conductance, and, although this has not been
demonstrated directly, the idea is supported by investiga¬
tions of the effects of changes in extracellular potassium
concentration on membrane potentials of cells in the
hyperpolarized state. In the experiment shown in Figure 3,
a prolonged hyperpolarization was induced by A23187 and
an increase in the external potassium concentration from
1 mM to 5 mM resulted in a depolarisation of 22 mV.
In six cells (mean resting potential -46 mV) in untreated
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FIGURE 2: Effect of ionophore A23187 on the membrane
potential of the cockroach salivary gland acinar cell.
A23187 (5 yg ml-1) was applied in bathing solution
containing 5 mM calcium at a. On establishment of
the hyperpolarization, phentolamine (10-l+M) was
also added to the perfusing solution and was present
during the period shown by the bar.
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TABLE 1 : The effect of ionophore A23187 on the resting
potential of salivary gland acinar cells in the
presence of 5 mM calcium.
Hyperpolarization (mV)
Resting potential in the presence of
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FIGURE 3: The effect of changing the external potassium
ion concentration on the hyperpolarization evoked by
the ionophore.
A23187 (5 yg ml-1) was present throughout the experiment
from a. The external potassium ion concentration
was increased from 1 mM to 5 mM over the period
shown by the bar.
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preparations, a five-fold increase in potassium con¬
centration produced varying changes in membrane potential,
viz. (mV) +10, +10, +9, 0, 0, -10 (mean + 3 mV) whereas
in each of four ionophore-treated preparations augmentation
of the potassium concentration resulted in a marked
depolarisation (mean = 20 mV). This comparison is
consistent with the idea that the ionophore produces an
increase in membrane potassium permeability.
Calcium-free medium
In Figure 4, removal of calcium from the bathing
solution during incubation with A23187 (5 yg ml-1)
resulted in a complete reversal of the ionophore-induced
hyperpolarization. This suggests that the prolonged
increase in membrane potential is dependent on the
presence of extracellular calcium ions. Nevertheless,
the ionophore is capable of producing a hyperpolarization
in the absence of extracellular calcium ions (Table 2),
although, in general, the effects are smaller and shorter
lasting than in the presence of calcium. Three examples
are illustrated in Figure 5. Cells were impaled during
incubation in calcium-free solution and introduction of the
ionophore (5 yg ml-1) produced hyperpolarizations having
peak values of 3, 10 and 28 mV. Addition of 5 mM calcium
in the presence of the ionophore produced larger and more
prolonged hyperpolarizations with maximum amplitudes of
45, 32 and 52 mV, respectively. Although the large
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a b
FIGURE 4: The effect of calcium removal on the response
to A23187.
At a, ionophore (5 yg ml-1) was added in normal solution,
containing 5 mM calcium. From b, the ionophore was
present in bathing solution without added divalent
ions.
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TABLE 2 : The effect of ionophore A23187 on the resting
potential of salivary gland acinar cells in the
absence of added divalent ions (sustained effect
shown by *).
Hyperpolarization (mV)
Resting potential (mV) in the presence of

























FIGURE 5: Three examples of the effects of ionophore
in the absence of extracellular calcium ions.
The preparations were incubated in calcium-free medium
for 20 min before introduction of A23187 (5 ug ml
at a. 5 mM calcium was added to the solution at b.
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responses on introduction of calcium may be partly due to
a calcium readmission response (Section I, Part 1) in
addition to any ionophoretic effect, they do show that the
smaller values in calcium-free solution were not due to
the inability of the cells to produce a large increase in
the internal negativity. The resting potentials in the
calcium-free media (Table 2) were generally less than those
recorded in calcium containing solutions (Table 1).
Magnesium containing solution
A23187 also has a high affinity for magnesium ions
(Pfeiffer ert aJ., 1974). The introduction of 5 mM
magnesium in the presence of ionophore (5 yg ml-1) after
incubation in calcium-free medium produced small (4-12 mV)
hyperpolarizations (Figure 6) which were transient or
prolonged. Similar results were obtained when magnesium
was added in the absence of ionophore suggesting that this
is a 'readmission' phenomenon, reminiscent of that seen
on addition of calcium ions to calcium deficient solution
(Section I, Part 2), rather than an ionophoretic effect.
Prolonged action of A23187
In the presence of extracellular calcium ions, cells
remain hyperpolarized after removal of ionophore from the
bathing solution. In Figure 7, the preparation was
incubated in a solution which contained both A23187
(10 y g ml-1) and 5 mM calcium and after 5 min the ionophore
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FIGURE 6: A23187 and magnesium.
The preparations were incubated in calcium-free medium
for 15 min and at • ionophore (5 yg ml-1) in the
presence of 5 mM MgCl2 was added.
A B
m i n
FIGURE 7: The prolonged action of ionophore.
The preparation was incubated in A23187 (10 yg ml-1)
in calcium containing solution for 5 min, then
bathed in normal solution without ionophore.
After 10 min in ionophore-free medium cell A was
impaled and after 40 min cell B was impaled.
5 mM calcium was replaced by 1 mM magnesium + 1 mM
EGTA for 4 min in A and for 3 min in B (shown by
the bars).
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was washed out. Ten minutes later a cell (A) was impaled
and found to have a potential of -110 mV as compared to
an average value of -68 mV in 3 cells before incubation
in A23187 . Replacement of calcium by 1 mM Mg2+ + 1 mMEGTA
resulted in a rapid depolarization (as in Figure 4) to
a lower internal negativity and on returning to the calcium
containing solution, without ionophore, the cell reverted
to its hyperpolarized state. Another cell (B) was impaled
25 min later and found to have a resting potential of
-83 mV, which was also reversibly reduced by calcium
removal. This experiment indicates that the effect of
the ionophore remains after washout of the solution
containing the ionophore.
DISCUSSION
Many of the biological changes produced by ionophore
A23187 can be attributed to its calcium translocation
properties and are dependent on the presence of extra¬
cellular calcium ions (see Table 3 for examples). However,
some of the effects produced by the ionophore are not
dependent on the presence of calcium in the bathing solution
and appear to be due instead to mobilization of intra¬
cellular calcium (see Table 4).
The present results show that A23187 acts directly
on the acinar cell membrane and not on release of neuro¬
transmitter and that, although its action in the presence
of calcium is more pronounced, it is able to produce a
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TABLE 3: Calcium dependent effects of A23187.
Effect Reference
1K+ efflux from salivary glands
•(•enzyme secretion from salivary
glands
tenzyme release from the
exocrine pancreas
-(■glucagon release from the
endocrine pancreas









Icell agglutination by inducing
microtubule destruction
"(•glucose transport in thymocytes
^fertilizing capacity of
spermatozoa
-(•action potential duration and
hyperpolarizes the membrane






releases 5-HT from brain slices
Selinger, Eimerl 8c Schramm, 1974
Rossignol, Herman 8c Chambaut, 1974;
Butcher, 1975
Eimerl, Savion, Heichal 8c Selinger,
1974; Williams & Lee, 1974; Schreurs,
Swartz, DePont 8c Bonting, 1976;
Poulsen & Williams, 1977
Ashby & Speake, 1975; Wollheim,
Blondel, Renold & Sharp, 1976
Foreman, Mongar 8c Gomperts, 1973;
Cochrane 8c Douglas, 1974
Cochrane, Douglas, Mouri & Nakazato,
1975; Garcia, Kirpekar & Prat, 1975
Dise, Lake, Goodman 8c Rasmussen,
1976; Borgeat 8c Samuelsson, 1979
Wentzell & Epand, 1978
Hart, Fisher 8c Hallinan, 1976;
Poste & Nicholson, 1976
Reeves, 1975
Reyes, Goicoechea 8c Rosado, 1978
Gelles, 1977
Pressman, 1973; Holland, Steinberg
8c Armstrong, 1975
Swamy, Ticku, Triggle 8c Triggle,
1975
Holtz, 1975
Elks, Youngblood 8c Kizer, 1979
(-(• = increases, 4- = decreases)
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TABLE 4 : Effects produced by the ionophore in the absence of
external calcium.
Effect Reference
tinsulin secretion from the
pancreas
+ATP in erythrocytes and +
potassium efflux
tsecretion from platelets





tcalcium extrusion from intra¬
cellular organelles
Ashby & Speake, 1975; Charles,
Lawecki, Pictet and Grodsky, 1975;
Karl, Zawalich, Ferrendelli &
Matschinsky, 1975
Kirkpatrick, Hillman & LaCelle,
1975; Reed, 1976
Feinman 8c Detwiler, 1974; Feinstein
8: Fraser, 1975; Murer, Stewart,
Rausch 8c Day, 1975; Warner 8c
Brossmer, 1975
Burgess, Claret 8c Jenkinson, 1979
Knapp, Oelz, Roberts, Sweetman,
Oates 8c Reed, 1977
Steinhardt, Epel, Carroll 8c
Yanagimachi, 1974; Schroeder 8c
Strickland, 1974
Reed 8c Lardy, 1972; Scarpa,
Baldassare 8c Inesi, 1972; Desmedt 8c
Hainaut, 1979
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hyperpolarization in the absence of calcium. The prolonged
increase in membrane potential must therefore be due to an
influx of calcium ions via the ionophore. This is similar
to the prolonged hyperpolarization induced after incubation
of the salivary glands in calcium-free, cobalt medium
(Part 1) in that an influx of calcium from the external
solution appears to be required. The transient effect
sometimes seen in calcium-free media may occur as a result
of the ionophore releasing calcium from a store in the
acinus; this is consistent with the proposal in the
previous section that there is a calcium store which can
be mobilized by dopamine to produce responses in acinar
cells bathed in zero calcium solution. Berridge (1975)
has also reported a transient increase in fluid secretion
by isolated salivary glands of the blowfly on exposure to
A23187 in calcium-free solution due to mobilization of
intracellular calcium. Sustained secretion from the blow¬
fly salivary gland required the presence of calcium as
does the prolonged increase in membrane potential in the
cockroach salivary gland.
The hyperpolarization due to the ionophore is dependent
on the external potassium ion concentration and is consist¬
ent with the hypothesis that an increase in the intra¬
cellular calcium ion concentration activates potassium
channels in the cockroach salivary glands (c.f. Part 1).
Calcium-dependent activation of potassium channels has
been reported in a variety of cells (see Meech, 1978) and
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Atwater (1980) has suggested that A23187-induced influx
of calcium activates an increase in potassium permeability
in mouse pancreatic B-cells.
The ionophore has also been found to have a prolonged
action as has been shown for catecholamine release from
the adrenal medulla (Garcia, Kirpekar and Prat, 1975) and
muscle contraction (Devore and Nastuk, 1977). The lipophilic
nature of the molecular conformation in the presence of
calcium, as proposed by Deber and Pfeiffer (1974),
presumbably results in the ionophore remaining in the cell
membranes after its removal from the bathing solution.
The resting potentials of acinar cells obtained in
these experiments (mean -54 mV, Table 1) were somewhat
greater than those reported previously in solutions
containing 5 mM calcium and 1 mM potassium (-40 mV;
House, 1973). Similarly, in parotid (Pedersen and
Petersen, 1973) and submaxillary (Kagayama and Nishiyama,
1974) glands, larger resting potentials were recorded in
later experiments. Here, the difference may be associated
with the use of higher resistance microelectrodes or with
better visualization of the cells and, thus, the ability
to sample a larger population. The large range in
resting potentials (-30 to -80 mV), which can now be
recorded, may reflect differences in the permeabilities
of the cell membranes, possibly associated with variations
in their secretory activity.
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In calcium-free media the resting potentials were
much lower (mean = -36 mV) than those recorded in calcium-
containing media (mean = -54 mV). In order to determine
what changes in permeability occur during incubation in
the calcium-free media, it would be necessary to measure
changes in input resistance (c.f. discussion in Section I,
Part 1).
The action of magnesium to increase the membrane
potential after incubation in calcium-free solution is
independent of the presence of the ionophore. The hyper-
polarization is analogous to the 'readmission' response
seen with calcium but tends to be much smaller and may be
due to displacement of calcium from the acinar cell membrane








This section is a report of three short investigations
concerned with:
1. receptor localization;
2. presynaptic uptake inhibition; and
3. adenylate cyclase.
The experiments in each of the sections are not
extensive but are sufficiently interesting to be reported
here. Further work may add to the information received
from these investigations and may allow more definite
conclusions to be made.
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SECTION II: PART 1
Intracellular and extracellular ionophoresis
of agonist in the salivary glands.
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Introduction
It is generally accepted that receptors to neuro¬
transmitters are located on the outer surface of cell
membranes and there is good evidence to support this idea,
e.g. in striated muscles (Del Castillo and Katz, 1955),
in cardiac Purkinje fibres (Reuter, 1974), and in pancreatic
acinar cells (Iwatsuki and Petersen, 1977). In the experi¬
ments reported in this section, intracellular application
of agonists has been found to produce responses similar
to that seen on stimulation of the nerve or on extracellular
ionophoresis of agonist.
METHODS (see General Methods)
In these experiments the recording electrode contained
dopamine HC1 (0.05-0.7M) dissolved in 1M or 3M potassium
acetate and was connected to an electrometer amplifier
(W P Instruments) so that current could also be passed
through the electrode to allow application of dopamine
inside the same cell from which the recordings were made.
RESULTS
Figure 1A shows two successive hyperpolarizations of
an acinar cell elicited by nerve stimulation (N) and by
a current pulse to the intracellular electrode (D)
equivalent to a charge of 40 nC. Figure IB shows the
response to a burst of nerve stimulation (N) followed by
three responses to dopamine ejected by current pulses of
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A
FIGURE 1: Hyperpolarizing responses to nerve stimula¬
tion and to intracellular application of dopamine.
IA, upper trace, current passed through the recording
electrode; lower trace, voltage.
A single stimulus was applied to the salivary nerves
at N and at D dopamine was ejected from the intra¬
cellular electrode by a 100 nA current for 0.4 s.
The electrode contained 0.7M dopamine and 1M potassium
acetate.
IB, responses to a burst of 3 nerve stimuli (N) and
to 3 separate pulses of dopamine ejected from an
intracellular electrode (containing 0.3M dopamine
and 1M potassium acetate) by currents of 100 nA for
durations of 0.2, 0.4 and 0.6 s respectively.
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increasing magnitude, equivalent to 20, 40 and 60 nC
respectively. The amplitude of the hyperpolarization is
seen to increase with the ionophoretic charge.
Dopamine was applied intracellularly in about 100
cells and responses were obtained in approximately two-
thirds of these. In a few experiments it was also found
that adrenaline, noradrenaline and 5-hydroxytryptamine,
all of which produce hyperpolarizations when applied
extracellularly (Bowser-Riley and House, 1976), could
produce responses on intracellular application.
The responses to intracellular and extracellular
ionophoresis of dopamine have a similar latency and time
course (Figure 2A, upper trace). In order to compare the
sensitivity of a number of cells to the two methods of
ionophoresis, the same electrode was used for extracellular
and intracellular application in the following manner.
A cell was first impaled with a recording electrode and
when the ionophoretic pipette, containing 50 mM dopamine
in 3M potassium acetate, was positioned close to the acinus
a hyperpolarization was produced by a pulse of dopamine.
The dopamine-containing pipette was then inserted into
the acinus and was also used for recording if the first
intracellular electrode was dislodged. Values for the
ratio of response amplitude to ionophoretic charge were
calculated. The maximum sensitivities for the two methods
of ionophoresis were similar, viz. 3 mV nC-1for intra¬





FIGURE 2: Effect of phentolamine on intracellularly
recorded responses, elicited by intracellular and
extracellular dopamine application.
Both the intracellular and extracellular micro-
pipettes contained 0.5M dopamine and 3M potassium
acetate.
2A, Int represents responses to impulses of dopamine
ejected from the intracellular electrode (100 nA
for 0.4s) and Ext represents responses to pulses
of dopamine ejected from the extracellular pipette
(200 nA for 0.08s).
Top records - control; middle records - during
recovery from a short exposure to 150uM phentol¬
amine; bottom records - in 50yM phentolamine.
2B, the time course of the experiment from which the
records in 2A were taken.
o - responses to intracellularly applied dopamine;
c - responses to extracellularly applied dopamine.
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The effect of phentolamine, which is an antagonist
of extracellularly applied dopamine (Ginsborg et ad., 1976;
Bowser-Riley et_ ajL, 1978), was compared on responses to
extracellular and intracellular dopamine (Figure 2).
An intracellular electrode, containing 0.5M dopamine in
3M potassium acetate, was used for intracellular dopamine
ionophoresis and for recording responses evoked by the
intracellular dopamine and by dopamine applied from a
pipette close to the acinus. In Figure 2A the traces
(from the top) show responses to intracellular and extra¬
cellular dopamine in (1) control solution, (2) control
solution on washout of 150 yM phentolamine, and (3) in
solution containing 50 yM phentolamine. Figure 2B shows
the time course of the experiment of Figure 2A and it is
evident that phentolamine reduced the responses to intra¬
cellular and extracellular dopamine to the same extent.
DISCUSSION
The responses evoked by intracellular dopamine
application could be due to activation of receptors
present on the inside of the cell membrane or to
activation of receptors on the extracellular cell membrane
by dopamine which has leaked out of the cell. The
sensitivities of an acinus to the two methods of applica¬
tion were not very different. If receptors are only
present on the outer cell membrane then it might be
supposed that the sensitivity to the intracellularly
118
applied dopamine would be smaller as most of the dopamine
would be sequestered inside the cell and diffusion to the
outside would be limited. It is not known whether the
same amount of dopamine is ejected from the electrode at
its two positions (intracellular and extracellular) for
a given charge. Noradrenaline release from pipettes in
saline has been compared to the release from the pipettes
in brain tissue and although some authors (Candy, Boakes,
Key and Worton, 1974) found no difference in release,
others have reported that release in tissue is less than
half that in saline (Hoffer, Neff and Siggins, 1971) for
the same charge. Even assuming that the amount of
dopamine released is the same in the two situations, it
seems probable that release from the extracellular position
close to the acinus would result in occupation of more
receptors due to diffusion over the surface of the acinus
than if limited diffusion occurred from the inside of the
acinus via a 'leak' in the membrane. However, Blackman,
Ginsborg and House (1979) have shown that the rate of rise
of the ionophoretic dopamine response is not determined
by the amount of dopamine ejected and suggested that there
is a limiting rate of rise of response evoked by a
particular concentration. If this concentration is
exceeded the only effect which might be seen is a small
reduction in the latency of the response. Also, if the
maximum response is elicited by occupation of only a few
receptors (Stephenson, 1956) then diffusion from the
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interior of the acinus may allow enough dopamine to
reach the receptors surrounding the area of leakage to
produce a response not dissimilar in time course and
magnitude to that evoked by extracellular dopamine
application.
The experiments carried out with phentolamine
suggested, but did not prove, that the leakage hypothesis
might be correct . Phentolamine has been shown to reduce
responses to nerve stimulation and bath-applied agonists
(Bowser-Riley et ad., 1978) presumably by an action on the
extracellular membrane receptors, and its similar inhibitory
capacity on responses to both intra- and extracellular
dopamine tends to support the theory that leakage of
dopamine does occur. However, if there are intracellular
receptors present, then there is the possibility of leakage
of phentolamine into the cells to produce inhibition.
Ultrastructural studies have shown that receptors
span cellular membranes, e.g. the acetylcholine receptor
from the Torpedo electric organ has antigenic sites (to
which labelled antibodies may bind) on both sides of the
membrane, the outer surface having a greater number than
the internal surface (Tarrab-Hazdai, Geiger, Fuchs and
Amsterdam, 1978; Strader, Revel and Raftery, 1979). It
has also been reported that insulin may bind to receptors
and be transported intracellularly (Schlessinger, Shechter,
Willingham and Pastan, 1978; Bergeron, Sikstrom, Hand
and Posner, 1979).
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Although these studies may support the idea that
there are intracellular receptor sites, they do not show
whether these sites are functionally important, and, in
the case of the insulin, the transport to the interior of
the cell occurs some time after binding to the extra¬
cellular site and may not be related to the cellular
actions of the hormone.
Philpott and Petersen (1979) have made an electro¬
physiological study of the effects of intracellular and
extracellular peptide hormone application on pancreatic
acinar cells and reported that depolarization generally
occurred only on extracellular ionophoresis. However,
in a few cells, intracellular application of hormone did
result in depolarization and, as the resting potentials
in these cells were found to be very low, it was suggested
that leakage had occurred due to improper sealing of the
membrane round the impaling microelectrode.
In the experiments reported here, there was no
obvious relation between resting membrane potential and
the ability of the cell to hyperpolarize on intracellular
application of dopamine, and thus the question of the






The antiparkinsonian drug, benztropine, has been
reported to be a potent inhibitor of dopamine uptake
into synaptosomal preparations from the rat corpus
striatum (Coyle and Snyder, 1969). In this section
benztropine has been used in the cockroach salivary glands;
the results do not support the idea that benztropine
inhibits uptake into the cockroach salivary nerves.
METHODS AND RESULTS
Benztropine mesylate was dissolved in 'control'
solution and glands were superfused at 6 ml min-1.
10~5M benztropine was found to decrease matching responses
to nerve stimulation and to ionophoretic dopamine to the
same extent (Figure 1). At 10_1+M, responses were abolished
within 10 minutes and reappeared on washout of the
benztropine.
DISCUSSION
These results do not support the proposal that
benztropine inhibits dopamine uptake otherwise responses
evoked by nerve stimulation (assuming that dopamine is
the neurotransmitter) would be expected to increase in
the presence of benztropine.
It has been pointed out, however, that the results
obtained by Coyle and Snyder (1969), who measured 3H-
dopamine uptake, may have been misinterpreted (Orlansky




FIGURE 1: Effect of benztropine on responses to
ionophoretic dopamine and to nerve stimulation.
At D dopamine was ejected from a microelectrode by a
current of 100 nC and at N a stimulus was applied
to the salivary nerves.
A: in 'control' solution.
B: in 'control' solution + 10~5M benztropine.
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dopamine in the presence of benztropine would also be
seen if benztropine actually stimulated release of
dopamine, including 3H-dopamine taken up into striatal
slices. Further experiments (Baumann and Maitre, 1976)
showed that inhibition of uptake was directly related to
dopamine depletion by benztropine and that the measure¬
ment of 3H-dopamine uptake into brain preparations was
not a valid method for determining the inhibitory actions
of drugs. The finding that benztropine does not affect
uptake is consistent with the report by Broch (1979)
that the uptake of 6-hydroxydopamine into nerve terminals,
causing degeneration and dopamine depletion, is not
blocked by benztropine but is blocked by desipramine,
which appears to inhibit uptake.
If benztropine stimulated neurotransmitter release
in the cockroach salivary glands, a hyperpolarization of
the acinar cell membrane or potentiation of both nerve
and dopamine responses would have been expected. It is
not likely that the concomitant decrease in both responses
was due to receptor desensitization since the prolonged
presence of bath-applied dopamine does not decrease the
magnitude of the hyperpolarization with time (Ginsborg et_
al, 1976). Therefore the possibility remains that
benztropine inhibits responses postsynaptically and this
may be related to its reported local anaesthetic activity





Early studies of the action of dopamine in the brain
suggested that the catecholamine acted by stimulating
adenylate cyclase and thus increased the adenosine -
31 : 51 - monophosphate (cyclic AMP) concentration
(Kebabian, Petzold and Greengard, 1972). It was therefore
of interest to investigate whether dopamine action in the
cockroach salivary glands was linked to stimulation of
adenylate cyclase.
METHODS AND RESULTS
Dibutyryl cAMP was dissolved in solution and glands
superfused at 6 ml min-1. No changes in membrane potential
or in the responses to ionophoretic dopamine were observed
in concentrations of dibutyryl cAMP as high as 1 mM.
A second experiment was carried out using 3-isobutyl-
1-methyIxanthine (IBMX, Aldrich Chemical Co.), which is
15 - 20 times more potent an inhibitor of the cAMP-
hydrolytic enzyme, phosphodiesterase, then theophylline
(Beavo, Rogers, Crofford, Hardman, Sutherland and Newman,
1970; Wells, Wu, Baird and Hardman, 1975). 10~6M IBMX
had no effect either on the membrane potential or on
responses to ionophoretic dopamine, while 10-1+M IBMX
sometimes inhibited responses to dopamine.
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DISCUSSION
These observations argue against the involvement of
a dopamine-stimulated adenylate cyclase in the electrical
responses of the salivary glands. Secretory experiments
employing cAMP and theophylline have also indicated that
dopamine does not act by stimulation of adenylate cyclase
(C.R. House and R.K. Smith, personal communication).
Dopamine stimulation of adenylate cyclase has been
reported in a number of tissues, e.g. brain (Kebabian et_
al, 1972), parathyroid gland (Brown, Carroll and Aurbach,
1977), retina (Brown and Makman, 1972) and molluscan
ganglia (Cedar and Schwartz, 1972). The stimulation of
the enzyme activity in these preparations has been
estimated by direct measurement of the increase in cAMP
in homogenates on exposure to dopamine, whereas the
present experiments have investigated the effects of an
increase in externally applied cAMP.
The indications here are that adenylate cyclase is
not involved in the hyperpolarization of acinar cells;
from the experiments of the previous section it appears
that dopamine may act by increasing the intracellular
calcium ion concentration. Therefore it may be suggested
that the dopaminergic receptors in the salivary glands are
different from those mentioned above. Indeed, dopamine
does appear to act elsewhere without an increase in
adenylate cyclase activity, e.g. anterior pituitary
(Schmidt and Hill, 1977) but its mode of action has not




I The role of calcium in electrical responses of the
cockroach salivary glands.
1. Calcium ions are capable of producing a hyper-
polarization of the acinar cells after a period of
calcium deprivation.
2. This 'readmission' hyperpolarization is prolonged by
prior incubation in calcium-free media containing
cobalt.
3. The hyperpolarization is due to an increase in
potassium permeability.
4. Dopamine produces a hyperpolarization of acinar cells
in the absence of calcium. However, responses to
repeated applications of the catecholamine decrease
and are eventually abolished.
5. The ionophore, A23187, evokes a large, prolonged
hyperpolarization associated with an increase in
potassium permeability in calcium-containing media.
It produces a smaller, transient response in calcium-
free media.
6. The results suggest that an increase in intracellular
calcium is sufficient to cause an increase in potassium
permeability and that dopamine evokes hyperpolarization
of acinar cells by mobilizing calcium from an acinar
store. A23187 is also capable of producing a hyper¬
polarization by mobilizing calcium from the store.
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II Short investigations
1. Dopamine elicits a hyperpolarization of cockroach
salivary gland acinar cells on ionophoretic application
intracellularly as well as extracellularly. The site
of receptors is discussed.
2. Benztropine does not appear to affect uptake or
release of neurotransmitter but does produce post¬
synaptic inhibitory effects.
3. Preliminary experiments suggest that stimulation of
adenylate cyclase is not involved in the dopamine-
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